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Abstract
There is an increasing need to optimize diagnostics and health care and to develop methods
to deliver the care closer to the patient’s homes, in order to reduce the load on hospitals and
clinics. In developing countries it is a challenge to obtain effective diagnosis and treatment
for outbreaks of infectious diseases, such as influenza and tuberculosis, where the latter
is causing more deaths than any other infectious disease. Point-of-care systems based on
microfluidic devices have the potential to fulfill some of these needs and new technologies
based on DNA amplification are continuously emerging and are under implementation on
such devices.
For these technologies to be competitive, devices need to be fabricated through low-
cost mass-production processes, e.g. by injection moulding. In academia, though, often
the fabrication methods are not compatible with industrial mass-production and this can
present a significant barrier to the commercialization of developed devices. It is there-
fore vital to seek a manufacturing process applying industry-level technologies for rapid
prototyping of microfluidic devices.
The research presented in this thesis focused on three main topics: First, a microfluidic
system was designed that used capillary structures to ensure controlled filling of separate,
but connected, fluidic chambers. The filled liquids needed to remain stable under heating
to the temperature required for the assay below.
Second, microfluidic chips were fabricated using either injection moulding with shims
defined by micromilling combined with ultrasonic welding to seal the chips or by using
laser ablation combined with adhesive bonding. The fabricated chips were characterized
and the burst pressure of so-called phaseguide structures was studied systematically. At
the end of the project, the design of functional prototype chips developed using laser
ablation was transferred to a mass-production fabrication process by injection moulding.
Third, an integrated lab-on-a-chip system implementing isothermal rolling circle am-
plification of synthetic influenza and tuberculosis nucleic acid targets on the chip platform
was developed and demonstrated. The assay was run in an automated setup in which
magnetic microbeads were used to transport the target between the different assay steps
and the amplification products were detected using an optomagnetic readout. Several
assay strategies were investigated and quantitative dose-response curves were measured.
The results demonstrated the feasibility of performing the complete three-step assay in a
low-cost mass-producible multi-chamber device in an automated manner with results that
were comparable to those obtained in comparable laboratory assays.
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Resume´
Der er et voksende behov for at optimere diagnostik og sundhedspleje og for at udvikle
metoder til at f˚a behandling tættere patienters hjem s˚a belastningen af hospitaler og
klinikker reduceres. I udviklingslande er det en udfordring at f˚a en effektiv diagnose og
behandling ved udbrud af infektionssygdomme som influenza og tuberkulose, hvor tu-
berkulose for˚arsager flere dødsfald end nogen anden infektionssygdom. ’Point-of-care’
apparater baseret p˚a mikrovæske-systemer har potentialet til at opfylde nogle af disse be-
hov og nye teknologier baseret p˚a DNA amplificering udvikles hele tiden og implementeres
i s˚adanne apparater.
For at disse teknologier er konkurrencedygtige, skal chips fremstilles ved brug af billige
masseproduktionsmetoder, s˚asom sprøjtestøbning. I den akademiske verden, imidlertid,
bruges ofte fabrikationsmetoder som er uegnede til masseproduktion og dette kan udgøre
en betydelig barriere for kommercialiseringen af de udviklede apparater. Det er derfor
vigtigt at søge processer til fremstilling af prototyper af mikrovæske-systemer, som kan
omsættes til industriel produktion.
Arbejdet i denne afhandling fokuserede p˚a tre hovedemner: For det første, s˚a blev
et mikrovæske-system designet, som brugte kapillær-strukturer til at sikre en kontrolleret
fyldning af forbundne væskekamre med adskilte væsker. Væskerne i de enkelte kamre
skulle være stabile ved opvarmning til de temperaturer, der var nødvendige for bioanalysen
nedenfor.
For det andet, s˚a blev mikrovæske-chips fremstillet ved brug af enten sprøjtestøbning
med indsatser defineret med mikrofræsning kombineret med ultralydssvejsning til at forsegle
chipsene. De fremstillede chips blev karakteriseret og gennembrudstrykket af s˚akaldte
’phaseguide’ strukturer blev studeret systematisk. Ved afslutningen af projektet blev de-
signet af en funktionel mikrovæske-chip prototype fremstillet ved brug af laserforstøvning
overført til masseproduktion ved sprøjtestøbning.
For det tredje, s˚a blev et integreret lab-on-a-chip system designet og demonstreret, som
udførte isoterm amplificering af syntetisk DNA fra influenza og tuberkulose ved s˚akaldt
’rolling circle amplification’. Bioanalysen blev udført i en automatiseret opstilling i hvilken
magnetiske mikropartikler blev brugt til at transportere analyten mellem de forskellige
analysetrin, og reaktionsprodukterne blev detekteret ved en optomagnetisk udlæsning-
steknologi. Flere analysestrategier blev undersøgt og kvantitative m˚alinger af signal vs.
analytkoncentration blev udført. Resultaterne demonstrerede at det er muligt at udføre en
komplet og automatiseret tre-trins bioanalyse i en billig masseproducerbar multi-kammer
chip med resultater som er sammenlignelige med de, der kan opn˚as i tilsvarende laborato-
v
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Chapter 1
Introduction
1.1 Societal needs
The World Health Organization (WHO) during their 71st world health assembly held in
2018, has approved an agenda focusing on the third sustainable development goal (SDG)
given by the United Nations for the 2019-2023 agenda: ensure healthy lives and promote
well-being for all at all ages [1], [2]. WHO aims at giving strategic directions and appli-
cable norms for the implementation of those goals worldwide, in low, middle and high
income countries. In recent years, the world has witnessed significant improvements in
life expectancy; in low-and middle-income countries the driving force is the result of large
reductions in children mortality, whereas in high-income countries it is mainly due to
declining mortality in the older population [3]. The number of people aged 60 or over,
will almost double in 25 years, with 75% of them living in western countries [4], [5]. The
increase in the amount of older people in those countries will have a huge impact on
an already overburdened healthcare system [4]. For this reason, there is an increasing
demand for innovations in health and medical support, but also in the introduction of
portable healthcare devices and products which could alleviate hospitals and clinics work,
by enhancing the opportunity to perform this testing at home or at the doctor’s office [6].
1.2 Point-of-care and microfluidic devices
Since 1990 when Manz et al. first described an innovative concept to create miniaturized
(or micro) total chemical analysis system (µTAS), scientific research has followed a general
trend towards the development of microfabricated microfluidic devices [7]. The develop-
ment expanded to seek applications in e.g. the medical field, and over the years the concept
of µTAS developed into lab-on-a-chip (LOC), to include not only chemical analysis but
also laboratory processes with the purpose of creating miniaturized fully automated labo-
ratory systems [8]. Point-of-care (POC) lab-on-a-chip devices have in molecular biology its
core application, ranging from diagnostics and genomics analysis [9] to biochemical analy-
sis [10], proteomics [11], biosensors [12] and cell research [13], due to the high throughput
and small volumes which are of great advantage when creating portable healthcare devices
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[14]–[17]. As expressed by Mark et al., the requirements for an LOC device differ between
different market segments.
In the market field of point-of-care testing, where my project can be applied, the main
requirements are: portability, low-cost instrumentation, high specificity and sensitivity
with few false-negatives. Moreover high throughput, small volumes and multiplex capa-
bilities would also be desirable [18], [19]. Also, LOC devices should be disposable for
one-time use.
The main advantages of using LOC for medical diagnostics can be summarized as [20],
[21]:
• Highly automated process (less need for a technician to run the experiments).
• Shorter time of experiments compared to laboratory techniques.
• Lower sample volumes.
• Small size and portability.
• In some cases the analysis can be performed in parallel on the same device.
There are only few examples of microfluidic systems that have obtained a remarkable
market share and between those we can find the glucose meter, pregnancy [22] and drug
abuse [23] test strips and cardiac markers [24], [25] (see Fig. 1.1 for the representation of
the glucose and pregnancy test devices).
Figure 1.1: (a) Example of a glucose meter and (b) a pregnancy test. In both cases the
test-strip used to for the measurements is disposable. Image adapted from [26], [27].
1.2.1 Lab-on-chip technology
Mark et al., define a microfluidic platform (or Lab-on-a-chip system) as an easily com-
binable set of microfluidic unit-operations that allow miniaturization within a consistent
fabrication technology [21]. The idea of being able to perform an easy and fast implemen-
tation of a biological assay on chip by the study of basic unit operations [21], [28] can be
summarized as in table 1.1
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Table 1.1: Features for the creation of a microfluidic platform. Table adapted from [21].
Microfluidic unit operation Fabrication technology
Fluid transport Validated manufacturing
Fluid metering technology for the whole
Fluid valving set of fluidic unit
Fluid mixing operations (prototyping
Separation and mass fabrication)
Accumulation/Amplification
Reagent storage
Incubation
An LOC system should include at least one or more unit operations that could be
easily combined together, to establish a specific assay protocol within the given platform.
Furthermore it should include one validated fabrication technology for the realization of
the entire platform [21].
Liquid handling A major aspect to keep in mind when building an LOC, is the ability
to obtain an easy-to-use liquid handling. It is considered an important aspect since the
final goal of the LOC device is the possibility to perform experiments alone, without the
need of a technician. Mark et al. divide the liquid aspect of the LOC device in 5 sub-fields,
as shown in Fig. 1.2
Figure 1.2: Microfluidic platform (or LOC) classified based on the liquid principle. Image
adapted from [21].
Each of the sub-fields contains hundreds of examples of LOC devices, which can be
found in his review. The Pressure driven laminar flow platforms comprise the use of pres-
sure gradients as liquid transport mechanism (in laminar flow). It allows for controllable
diffusion mixing, which can be of great advantage e.g. to align cells in continuous flow
(flow cytometry) [29], [30], for particle counting and separation [31] among others.
In order to block liquid flow from entering a specific chamber in a LOC system, capillary
stop valves were introduced in such devices. They consist of passive non-mechanical valves
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operating by surface tension to control the filling of liquid [32]. Similarly, Vulto et al. have
demonstrated the possibility of creating ”flow guidelines”, called phaseguides, in order to
control the progress of the liquid-air interface [33].
Magnetic beads based technologies Magnetic particles (MPs) have been used for
several decades in both manual and automated assays in laboratories. Particles are com-
monly available in several sizes and with different magnetic properties. Several surface
modifications (like the addition of a carboxyl, amino or hydroxyl group) and coatings
(protein A, protein G, streptavidin, biotin) are available too. The main advantages con-
sist in their large surface-to-volume ratio, bio-functionalization ability and possibility of
manipulation by magnetic fields [34]. These advantages have led to an effort to integrate
these magnetic particles in LOC devices [35], [36].
Providing details of all the possible applications would require too much space, but a de-
tailed introduction can be found in the review from Van Reenen et al. [34]. In general,
for LOC devices, MPs have been applied for mixing fluids, selective capture or labelling
of analytes, as means of transport in a static platform and to perform washing steps [34].
1.2.2 Detection
Several detection technologies have been studied for LOC systems, including mechanical
[37], electrochemical [38] and optical methods [39]. The fundamental challenge posed for
the detection mechanism of these systems, is the ability to be highly sensitive and specific
to the target chosen. Pires et al. describe the mechanisms and features of the three
detection techniques above mentioned, shown in Fig. 1.3 [40].
Figure 1.3: Summary of the electrochemical, mechanical and optical detection. The (+)
sign indicates pros, whereas the (-) indicates cons. Image adapted from [40].
Both electrochemical and mechanical detection techniques are attractive options for
the study of LOC devices. However, in both cases there are important drawbacks to
consider when creating a microfluidic device. The electrochemical technique can be highly
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influenced by temperature, pH and ionic concentrations, which can limit the shelf life of the
device [40], [41]. Mechanical sensors, on the other side, can be influenced by mechanical
losses associated with viscous damping [40], [41].
Optical detection allows for minimal sample preparation and more importantly its
instrumentation ubiquity in the laboratory makes it a good choice when creating lab-on-
chip devices. Conventional optical methods include absorbance [42]–[44], fluorescence [19],
[45], [46] and surface plasmon resonance (SPR) [47], [48].
Optomagnetic Detection In the project we have used a specific type of optical and
magnetic detection called Optomagnetic Detection. This detection was pioneered by
Mikkel F. Hansen, Marco Donolato and Jeppe Fock [49]–[51]. The technique exploits the
rotation ability of magnetic particles in response to an oscillating magnetic field. Fig. 1.4
shows an exemplified version of the technique. The MPs are usually diluted in a solution
containing the target that needs to be studied, which is placed along a specific light path.
Due to their surface coating, they get attached to the target, which will cause their rota-
tional dynamics to change. We study the extinction cross-section caused by the different
rotation mechanism when attached to the target. Fig. 1.4 shows an exemplified version of
the technique.
Figure 1.4: Example of the optomagnetic detection technique. Image adapted from [51].
1.2.3 Fabrication technology
Since the early development of microfluidic systems, devices were made in silicon or glass,
due to the well established fabrication methods in the semiconductor industry [52], [53].
However, starting from the mid 1990s, polymers began to enter the academic research,
due to their low-cost advantage compared to silicon or glass [7]. These materials met the
expectations for the creation of a disposable microfluidic device with simplified manufac-
turing procedures [52]. Also, due to the high variety of polymers available in the market,
it was possible to look for the material best suited for the application.
Fabrication of devices using polymers does not require the use of hazardous etching
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reagents and the fabrication procedure is relatively easy, which makes them appealing
for research labs and not only industry. Tsao [53] defines a 3-step process to select the
appropriate material and manufacturing method:
1. Identification of the application needed, and therefore the requirements.
2. Design of the layout of the microfluidic device.
3. Determination of the fabrication strategy and the polymer material, based on the
application and requirements of the first step.
It is important to underline that every microfluidic platform is different, therefore it
is vital to think carefully about requirements for the specific application needed, because
it will in turn affect the choice of material and the fabrication process.
Polymer materials can be divided in three categories: elastomers, thermosets and ther-
moplastics. The first two types include polydimethylsiloxane (PDMS) and photocurable
epoxy SU-8. Their need for curing limits the throughput, not making them appealing for
mass production. Thermoplastics on the other hand are well-suited for high volume and
low-cost production. They include poly(methyl methacrylate) (PMMA), polycarbonate
(PC), polystyrene (PS), polyvinyl chloride (PVC) and the family of cyclic olefin polymers
(i.e., cyclic olefin copolymer (COC) and many others). Fabrication procedures for PDMS
and thermoplastics are shown in Fig. 1.5.
Figure 1.5: Fabrication process chart for PDMS (blue line) and thermoplastics (red line).
Image adapted from [53].
Thermoplastic fabrication allows for a variety number of front-end methods, including
milling [54] and laser ablation [55]. They can also be fabricated for mass production, with
replication processes as hot embossing [56] , roller imprinting [57] and injection moulding
[58]. Bonding can be in turn divided in direct bonding such as ultrasonic welding [59],
or intermediate bonding which involves the use of an additional material to perform the
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bonding. In the project it was only used ultrasonic welding.
1.3 Molecular diagnostics
Molecular diagnostics is a branch of (laboratory) medicine that focuses on the diagnosis of
a disease, on the prediction of its course, on the selection of the possible treatments and on
the monitoring of the efficacy of therapies [60]. In order to detect the disease, molecular
diagnostics uses biological markers, also called biomarkers, traced in the genome of the
patient. A biomarker can be defined as a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathogenic processes, or pharma-
cologic responses to a therapeutic intervention [61]. In molecular diagnostics it is possible
to define three nucleic acid biomarkers:
• microRNA (still under research) for the detection of cancer, such as pancreatic cancer
[62].
• RNA for the detection of viruses as dengue, zika [63].
• DNA for the detection of viruses and bacterias, in the latter case research is focusing
on study the mutations of bacteria to predict antibiotic resistance [64].
The great importance that these biomarkers have found in recent years lies in their
ability to indicate a disease at an early stage (before signs or symptoms), which in turn
will impact the treatment given to the patient in the hope to stabilize the disease process
[65]. The great sensitivity, specificity, and speed have made molecular assays an attractive
alternative to culture or enzyme immunoassay methods as the enzyme-linked immunosor-
bent assay (ELISA)[66]. These methods can take more than 24 hours to show the final
result, causing a delay in the treatment compared to the above mentioned biomarkers [67],
[68].
In the field of molecular testing for the study of infectious diseases it is now possible to
define qualitative assays that are able to detect a single target, assessing its presence,
quantitative assays to monitor and measure the response the presence of viral infections,
and multiplexed assays for the detection of at least two or more analytes in the same
sample [69]. A basic molecular assay requires normally three steps:
1. extraction and purification of the nucleic acids.
2. the amplification or replication of the target nucleic acid.
3. the detection of the amplified target using the selected method.
In past years researchers have tried to develop ”on-chip” solutions, with the aim of in-
tegrating and automating the current procedures, to increase the throughput and speed
of laboratory tests [70]–[72]. The creation of POC devices to be used in doctor’s offices
worldwide, could help in the management of pandemic diseases such as Influenza [73] and
Tuberculosis among others [74].
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1.3.1 DNA amplification
Polymerase chain reaction (PCR) was the first nucleic acid amplification method, making
it an essential tool in the detection of DNA sequences [75], [76]. It is still considered
the ”gold standard” of nucleic acid amplification, but its need to rapid themocycling
(heating up to 98◦C and cooling down to 60◦C rapidly) has made it less attractive for
use in point-of-care devices. In contrast to PCR, isothermal amplification methods can
be performed at a constant reaction temperature making them easier to perform on-chip.
The methods include among others loop-mediated isothermal amplification (LAMP) [77],
recombinase polymerase amplification (RPA) [78] and rolling circle amplification (RCA)
[79]. The reaction kinetics of these methods varies between exponential (LAMP and RPA)
and linear (RCA).
LAMP requires high temperatures (up to 65◦C), RPA can be performed low temper-
atures such as 40◦C. Both techniques, as all the exponential amplification techniques, are
prone to false-positives, due to the easy contamination and spreading that can occur when
handling the solutions.
In contrast, RCA is a more stable method that can amplify the DNA target sequence
a thousand fold in 1h. This makes it ideal for applications that require reliable detection
at the cost of higher limit of detection (LOD) [80].
In order to start RCA, in a pre-step called ”sequence-specific ligation” a circular DNA
template gets attached to its complimentary primer [64]. Through the action of an en-
zyme (phi29 polymerase), this method continuously produces long single-strand DNA
concatamer which contains replicated copies of the DNA target. The entire process is
shown in Fig. 1.6. The formation of the circular template, prior the RCA, is highly sen-
sitive to sequence mismatches and has been demonstrated to have up to 100% specificity
for point mutations[64], [81].
Figure 1.6: Simplified mechanism of pre-amplification step ”ligation” and rolling circle
amplification . Image adapted from [82].
1.4 Project goals
The goals of this PhD project were:
• To assess manufacturing processes in order to develop a low-cost all-polymer chip
with different chambers for on-chip rolling circle amplification assay.
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• Integration of bioassay on chip, to make a scalable lab-on-a-chip system for detection
of Influenza virus and Mycobacterium tuberculosis and its antibiotic resistance.
The fabrication part of the project was needed to be kept as simple as possible, in order
to be reproduced quite easily. The first part of the project investigated different proto-
typing techniques for the creation of single use chips, with a focus on injection moulding
and CO2 laser machining. The overall fabrication process should aim at mass-scale pro-
duction of disposable chips. For the second part of the project, related on the integration
of the bioassay on chip, there was a need to make an automated process that a person
with a small amount of technical knowledge could use. The creation of an automated
setup, together with the use of magnetic beads and external magnets helped develop a
lab-on-a-chip device.
1.5 Thesis outline
This thesis describes the design, manufacturing, characterization, and application of dif-
ferent polymers for the creation of single-use polymer chips for a microfluidic system, in
particular for the detection of the Influenza virus and Mycobacterium Tuberculosis. Vali-
dation was carried out by comparing the results with reference experiments carried out in
our lab.
Chapter 2 provides the necessary theory to understand the project and its results. In par-
ticular it focuses on the physics governing microfluidic systems, on the biological knowledge
in order to work with DNA sequences and on a brief description of the detection method
used in this project.
Chapter 3 gives a description of the fabrication processes and materials applied to man-
ufacture the microfluidic chip systems.
Chapter 4 describes the results obtained in the Conference Proceeding and in Paper I,
for the manufacturing of an injection moulded, ultrasonically welded polymer chip and its
characterization.
Chapter 5 describes the ongoing process of manufacturing of an injection moulded, ul-
trasonically welded polymer chip and the struggles faced doing it, which caused a change
of the manufacturing process. The integration of RCA and detection on an automated
setup is demonstrated.
Chapter 6 presents the most important results obtained over the course of the project
and presented in Paper II and III. In this chapter the main focus relied on the integration
of the bioassay on chip. A thorough explanation of the setup used is given.
Chapter 7 concludes the thesis by evaluating the project goals and making perspective
comments on the feasibility of using polymer chips for assay integration on lab-on-a-chip
systems.
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Chapter 2
Theory
It is not within the scope of this thesis to perform a thorough analysis of the physical
theory pertaining to the subjects. Instead, this chapter presents the needed theoretical
background to properly interpret the results. At first, an introduction to the laws regulat-
ing liquid flows in microchannels is given. Subsequently the chapter illustrates the needed
biological theory to understand the biological assay, and finally, a short explanation on
the physics of the detection used in this project is given.
2.1 Liquid in microfluidic devices
The Navier-Stokes equation governs the motion of liquids and can be derived from New-
ton’s second law of motion for fluids. The equation of motion for an incompressible liquid
flow is:
ρ[δtv + (v · ∇)v] =
∑
j
fj (2.1)
where ρ is the density, v is the velocity and fj are the force densities comprised of pressure,
viscosity and other body forces. Equation (2.1) then can be re-written as:
ρ[δtv + (v · ∇)v] = −∇p+ η∇2v (2.2)
where −∇p is the pressure gradient term and η∇2v is the viscosity term. As Henrik Bruus
states in his book [83]: the non-linear term of the equation ρ(v · ∇)v is responsible for
making the mathematical treatment of the equation more complex and difficult. Therefore,
in order to analyze the equation when the non-linear term is negligible, we should use
the dimensionless form of the Navier-Stokes equation, where all physical variables are
expressed with characteristics scales e.g. L0 for length and U0 for velocity. Equation (2.2)
thus becomes:
Re[δ˜tv˜ + (v˜ · ∇˜)v˜] = −∇˜p˜+ ∇˜2v˜ (2.3)
where˜denotes dimensionless physical variables and
Re =
ρU0L0
η
(2.4)
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where ρ is the density, U0 is the velocity of the fluid, L0 is the characteristic length scale,
and η is the viscosity. The characteristic length scale for a rectangular channel is considered
the hydraulic diameter, which is equal to dh = 4A/P , where A is the cross-sectional area
of the flow and P is the wetted perimeter of the cross-section. The Reynolds number (Re)
describes the ratio between inertial and viscous forces. In systems having a low Reynold’s
number (Re 1), the Navier-Stokes equation is reduced to the linear Stokes equation,
0 = −∇p+ η∇2v (2.5)
In microfluidic systems where equation (2.5) is valid, turbulence is absent and the flow
becomes laminar.
For better understanding of this parameter, I will present a calculation for the Reynold
number for one of the channels studied in the project. In Paper I a channel is described
with width W = 1 mm and height H = 200 µm, which is filled with water at a velocity
v = U0=1 mm/s. The hydraulic diameter dh = 4A/P = 0.3921 mm. The kinematic
viscosity is given by the ratio between the dynamic viscosity and the density of the liquid
and it is equal to ηkin = η/ρ = 0.8926 mm
2/s.
The Reynolds number will be:
Re =
ρU0dh
η
=
U0dh
ηkin
= 0.4393
(2.6)
The result agrees with the above statement of low Reynold’s number (Re 1).
2.2 Surface energy and contact angles
Surface tension and contact angles are fundamental concepts in the theory of microfluidics,
and as Bruus [83] states, they allow for understanding the capillary forces that act on two-
fluid flows inside microchannels in lab on a chip systems.
Consider a homogeneous liquid. Molecules in the central part of the liquid have exactly the
same amount of force pulling them to every side. If we now consider a surface molecule,
it has only forces acting upon it toward the liquid. The air – liquid adhesive forces are
not comparable to the liquid – liquid cohesive forces, causing the energy of the surface
molecules to be higher than those of the bulk. This process is well portrayed in Fig. 2.1
The consequence is the creation at the interface of the surface tension γ defined by the
Gibbs free energy (G) per area (A) for fixed pressure (p) and temperature (T ):
γ =
(
δG
δA
)
(p,T )
(2.7)
In case of non wetting surface, the system will strive to minimise its total free energy
and consequently try to minimise the area of the liquid - air interface [83].
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Figure 2.1: Schematic of the surface tension across the liquid-air interface. A molecule in
the bulk of the solution will form chemical bonds with neighbouring molecules, whereas a
molecule in at the surface will miss some of these chemical bonds. As a consequence, the
energy of surface molecules is higher than the bulk ones.
If we now consider a drop of water lying on a surface, as illustrated in Fig. 2.2, and the
different surface tensions at the interfaces (liquid-air, solid-liquid and solid-air), the drop
will shape itself according to the surface tensions associated with the different interfaces
to achieve minimum energy.
Figure 2.2: Sketch of a drop of water lying on a smooth solid surface. Between the three
interface liquid, solid and gas, we will have interfacial tensions as γSL, γLG and γSG. The
drop will try to minimise its energy, and depending on the balance of the three energies
it will take a certain shape. θc is the contact angle. Image adapted from [84].
It is also possible to define the surface tension as a force per unit length. The Young
equation can be consequently be re-written for the balance of forces [83], [85]:
γSG = γSL + γLG cos θc (2.8)
where γSG, γSL , and γLG are the surface tensions between the different phases and θc
is the contact angle formed between the surface and liquid phase. Systems with water
contact angles θc < 90
◦ are considered hydrophilic and water is expected to (partially)
wet the surface of the solid. If θc > 90
◦ the surface is considered hydrophobic.
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However in reality, most practical surfaces are rough, with physical and chemical imper-
fections across the surface of the solid. On such surfaces the only measurable contact angle
is the apparent contact angle θap, which varies from point to point along the interface of
contact between liquid and solid. The apparent contact angle of rough surfaces can be
described by the Wenzel law for a completly wetted surface (Fig. 2.3(a)) or the Cassie-
Baxter law for a non-wetted surface (Fig. 2.3(b)), if the drop is sufficiently large compared
to the roughness scale [86].
The Wenzel law states:
cos θW = r cos θ (2.9)
In this equation cos θW is the Wenzel contact angle (the apparent contact angle at the
minimum energy), r > 1 is the roughness defined as the ratio between the actual area of
the surface and the projected area. In this case, as showed in (Fig. 2.3(a)), the liquid has
followed the contours of the rough surface. As a consequence it is possible to state that
roughness promotes wettability for hydrophilic scenario [85], with a dependence on the
chemical properties of the surface.
In case the protrusion of the rough surface are filled with air instead of water, we need to
take in consideration the Cassie-Baxter regime:
cos θCB = φs cos θ + 1− φs (2.10)
where φs (φs < 1) is the fraction of the solid surface area wet by the liquid, 1− φs is the
fraction of the air gaps. Also in this case there will be an increase in the contact angle,
when the drop bridges the gaps, and it is called superhydrophobicity.
Equations 2.9 and 2.10 can be combined to produce a more general expression for
wetting in rough surfaces:
cos θCB = φsr(cos θ) + φs − 1 (2.11)
Figure 2.3: Wenzel (a) and Cassie-baxter (b) model of wetting. Image adapted from [87].
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2.3 Capillary microvalves and burst pressures
Capillary microvalves rely on the capillary forces dominant in microfluidic systems, which
will now be briefly introduced.
An interface between two phases (liquid-gas) with a non-zero surface tension will curve if
a pressure difference exists across the interface. This pressure difference can be described
by the Young-Laplace equation:
∆p = γ
(
1
R1
+
1
R2
)
(2.12)
where γ is the surface tension between the two fluids and R1 and R2 are the radii of
curvature of the interface.
As demonstrated by Cho [88], in a rectangular microfluidic channel with width, w, and
height, h, where a liquid-air interface exists, equation (2.12) can be re-written as:
∆p = −γ
(
2 cos θwall
w
+
cos θfloor
h
)
(2.13)
where θwall and θfloor are the contact angles between the liquid and side-walls and floor
or ceiling of the channel, respectively. ∆p denotes the increase in pressure upon passing
through the liquid-gas interface, consequently when ∆p > 0 the fluid will spontaneously
propagate through the channel, whereas if ∆p < 0 it will not.
A capillary microvalve consists of an abrupt expansion of a microfluidic channel with
expansion angle (β), as illustrated in Fig. 2.4, for β > 90◦. Once the interface reaches the
expanded region, the interfacial contact angle to the expanded region ϕ is smaller than
the expanded region advancing contact angle θ and the interface is thus pinned as long as
ϕ < θ + β [89].
Figure 2.4: Sketch of a geometric capillary microvalve, where pinning is achieved through
a sudden change in geometry. θ, β, and ϕ denote the liquid contact angle with air,
expansion angle, and effective contact angle, respectively. w and h denote width and
height of the channel. Image adapted from [90].
We can now determine the minimum pressure drop required to advance the interface
beyond the expansion with regard to ϕ, which yields:
pburst = −γ
(
2 cos θwall
w
+
cos[min(θ + β; 180◦)]
h
+
cos θ
h
)
(2.14)
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where pburst is the burst pressure of the microvalve and it can be used to predict if a given
liquid will be retained or not.
2.3.1 Phaseguides
This section is well described in Paper III and will therefore be summarized.
Under the same basis of the study of capillary microvalves, it is possible to study the
pinning pressure for phaseguides. The phaseguide structures are ridges protruding from
the channel bottom or top, pinning the liquid meniscus until the pressure exceeds the
burst pressure defined by both the geometry of the structure and the wetting properties of
the liquid, as stated by Vulto [91] [33]. In his work he defines design rules for phaseguides
as shown in Fig. 2.5 and shows the potential of using phaseguides for filling microfluidic
structures without bubbles as in Fig. 2.6 .
Figure 2.5: Principle of phaseguides as defined by Paul Vulto [33]. (a) and (b) show and
advancing liquid jumping over the phaseguide. (c) Schematic representation of pinning
effect of the phaseguide: complete pinning will occur when the angle α between the vertical
side of the phaseguide and the top material is higher than 180◦ minus the two contact
angles θ1 and θ2 of the two materials. Image adapted from [33].
Figure 2.6: Example of two different overflowing methods. (a,d) Show the liquid over-
flowing phaseguides on two differently shaped predefined position along the phaseguide,
at the smallest angle (where the arrow is). (b,e) and (c,f) show the liquid proceeding to
fill the entire space until the next phaseguide. Image adapted from [33].
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In our project, phaseguides were studied in order to be able to have a controlled
filling, without bubbles, of the liquid inside the chambers of the chip. Fig. 2.7 illustrates
two different filling processes carried out during the project. Fig. 2.7(a) and (b) show
the filling process carried out when characterizing phaseguides in Paper I. The overflow
position was selected by designing a centrally placed branch forming an angle α=45◦ with
the straight phaseguide. The liquid overflows as shown in Fig. 2.6(d), (e) and (f), until
it reaches the next phaseguide. Fig. 2.7(c) and (d) illustrate the phaseguides designed
in Paper III, where the overflowing position is similar to Fig. 2.6(a), (b) and (c). Also
in this case the liquid will flow in the gap between phaseguides until it fills the space up
completely.
Figure 2.7: Top-views of channels with liquid passing over a phaseguide. (a) Depicts
the channels characterized in Paper I, where it is possible to notice the liquid pinning
perfectly at each phaseguide. (b) Shows one of the chambers of the chip characterized in
Paper III. Also in this case the liquid pins at the first phaseguide, then overflows at the
smallest angle and flows in the gap before the next phaseguide.
In the first part of the project, as shown in Fig. 2.8, the channel of width W and height
H was formed by a structured injection moulded part sealed by a flat foil, Eq. (2.14) can
be written in terms of the contact angles θm and θf of the liquid to the moulded part (m)
and the foil (f).
In the experimental studies of this project, the interface was observed to always pin at
the back edge of the phaseguide in all experiments. At the edge with the expansion, it is
possible to define an angle β to horizontal (side-view in Fig. 2.8). Similarly to the theory
explained before, the interface is pinned if ϕ < θ + β. Consequently, for phaseguides as
that in Fig. 2.8, the pressure that we need to apply to overcome the pinning at the edge
of the expansion is:
ppin = −γ
(
2 cos θm
w
+
cos[min(θm + β; 180
◦)]
H − h +
cos θf
H − h
)
(2.15)
A value of ppin > 0 indicates that the liquid-gas interface is pinned at the edge (pinning
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Figure 2.8: Side-view sketch of channel cross-section with a liquid passing over a
phaseguide (left to right). The parameters θm, β, and ϕ describe the liquid contact angle
to the moulded part, the expansion angle, and the effective contact angle, respectively. w
and h denote the width of the channel and height of the phaseguide and H denotes the
height of the channel. Image adapted from [92].
condition), whereas ppin < 0 indicates that the liquid-gas interface will pass the edge
without being pinned.
2.4 Fundamentals of DNA
Deoxyribonucleic acid (DNA) is a molecule composed of two strands that arrange them-
selves around each other to form the double helix, which carries the genetic instructions
used in the growth, development, functioning and reproduction of all known living organ-
isms and many viruses.
The two DNA strands are known as polynucleotides. Each nucleotide is composed
of one of four nitrogen-containing nucleobases (cytosine [C], guanine [G], adenine [A]
or thymine [T]), a sugar called deoxyribose, and a phosphate group. The nucleotides
are bonded together with covalent bonds between the sugar of one nucleotide and the
phosphate of the next, resulting in an alternating sugar-phosphate backbone as in Fig. 2.9.
Figure 2.9: Chemical structure of DNA; hydrogen bonds shown as redlines. Image
modified from [93].
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Directionality or polarity, which is the chemical orientation of a single strand of nucleic
acids, is important to keep in mind when handling DNA sequences. Specifically, one must
remember the chemical convention for DNA of naming carbon atoms in the nucleotide
sugar-ring. The 5’-end of DNA contains a phosphate group attached to the 5’ carbon
of the ribose ring, and the 3’-end contains a hydroxyl group (-OH), as also illustrated in
Fig. 2.9. It is their orientation along the sugar-phosphate backbone that gives direction-
ality to each DNA strand. In a double helix, the direction of the nucleotides in one strand
is opposite to their direction in the other strand (antiparallel directionality), in order to
allow formation of base pairs called Watson-Crick pairs [94].
The rules of complementary base paring of nucleobases for each strand of a DNA
double-helix, are the following:
• adenine (A) bonds to thymine (T), creating two hydrogen bonds.
• cytosine (C) bonds to guanine (G), creating three hydrogen bonds.
These are hydrogen bonds, meaning they can be separated and rejoined relatively eas-
ily unlike covalent bonds as shown in Fig. 2.10. A stable initial contact between the two
strands with two or three bases has to be made, before the full strand ”zipps” together,
which is referred as a cooperativity effect.
Figure 2.10: Process of melting and hybridizing of a DNA helix. Image modified from
[95].
The process in which single stranded DNA anneals to a complementary strand is called
hybridization [96]. It is considered to be the basis for many diagnostic applications, which
rely on a signal of a labelled probe generated through sequence-specific hybridization with
DNA analyte or its amplification product [97]. The association depends on the physical-
chemical parameters such as temperature, net charge and base pair composition. In the
latter case, association rates of oligomers with high CG content are higher, and therefore
more stable, than rates with high AT content.
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”Zipping” and ”unzipping” of DNA helix has a cooperative effect with a characteristic
temperature of transition from an ordered structure (double helix) to randomized DNA
coils called melting temperature.
The stability of DNA double helix can be therefore measured by studying the melting
temperature, which is referred to the temperature at which 50% of the double stranded
molecules are converted into single stranded ones. Consequently, it is both the amount
of GC base pairs and the length of the DNA double helix that determine the strength
of the association between the two strands of DNA [98], [99]. Lowering the surrounding
temperature allows the single-stranded molecules to anneal or hybridize to each other.
Before introducing the next section, it is fundamental to explain the meaning of per-
sistent length and the difference between intramolecular and intermolecular base pairing.
The so-called ”persistent length” is the critical length for bending of DNA strands. It is
considered to be 6 nucleotides. Senior et al. [100], illustrate the possibility of creating
hairpin-like secondary structures when two complementary arms (each of 6 nucleotides)
are joined via a 4 nt loop and self-anneal. Similarly Cederquist [101] has shown the pos-
sibility of creating a looped DNA secondary structure with a 22 nucleotide loop.
Intramolecular base pairing implies that two regions of the same single-stranded DNA
must be complementary in the opposite direction. Upon such a base-pairing, a secondary
structure (double helix) is formed in a way that might terminate in unpaired DNA ends
or hairpin-like secondary structures (see Fig. 2.11). The formation of this loop secondary
structure depends on the ability of the DNA strand to fold onto itself. If the length of the
DNA strand is longer than the persistent length, there is higher probability to form stable
secondary structure, whereas the longer DNA hairpin the lesser impact of self-annealing
since the DNA strands will be too short to bring the self-complementary parts in a close
proximity.
Figure 2.11: DNA hairpin. Image adapted from [102].
The intramolecular bonds have the consequence of slowing down the hybridization be-
tween labelled probe and analyte DNA strands, due to the relatively strong competition
from the intramolecular bonds. As Gao et al. [103] explain, the formation of only three in-
tramolecular bonds can slow hybridization by a factor of two, which may have implications
for the design of biosensor using this specific formation of secondary structures.
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2.4.1 Sequence specific ligation
Ligation is a process in which two nucleic acid fragments are joined together. It is pos-
sible to obtain a template-directed enzyme-free ligation [104], but in our case we have
obtained ligation through the action of an enzyme. In our system we use a circularized
oligonucleotide probe (from now on referred as padlock probe or PLP), with a length of
90 nt for Influenza and 89 nt for Tuberculosis. These padlock probes are composed of
two target-complementary segments, connected by a DNA loop. The 5′ and 3′ ends of
the linear PLPs are brought in proximity upon hybridization to a target sequence [105].
The two ends are joined by the action of a DNA Ligase, creating a circular probe bound
to a target. The value of this process lies in its high selectivity, since mismatched probes
are poor substrates for ligases, moreover it has been demostrated to have up to 100%
specificity for point mutations [64], [81]. The process is shown in Fig. 2.12.
Figure 2.12: A single probe is designed such that the ends of the probes are complemen-
tary to the target sequence. When annealed to the desired target, the ends form a nicked
structure that can be efficiently ligated if there are no gaps or mismatched base pairs.
Image adapted from [106].
It is possible to estimate the melting temperature of a double helix based on its length
and the amount of GC base pairs, but since it is a complex calculation it was analyzed
with the aid of an online software called ”IDT OligoAnalyzer” [107].
The ligation temperature was calculated based on the melting points of the PLP lig-
ating arms: for Influenza we obtained 62◦C for 5’-terminal and 60◦C for 3’-terminal in
the ligation buffer (a mixture containing BSA, Tris-HCl, KCl and Triton X-100). For
Tuberculosis the melting points were: 68.8◦C for 5’-terminal and 67◦C for 3’-terminal.
According to the rule of thumb used in polymerase chain reaction (PCR), the annealing
as well as ligation temperature was calculated as 5-10◦C lower than the lowest melting
point, consequently being 55◦C for the Influenza and 60◦C for the Tuberculosis targets.
In our study, both the DNA target and the PLPs were used to hybridize short comple-
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mentary sequences of oligonucleotides, referred as capture and detection oligonucleotides
(CO and DO), respectively, for different functions which will be elaborated in the following
chapters.
The process of finding the right sequence, which could hybridize the DNA strand, has to be
carried out along with the study of the intramolecular bonds of the secondary structures
of our strands. Fig. 2.13 shows the secondary structures of the Influenza DNA Target
(Fig. 2.13(A)) and PLP (Fig. 2.13(B)), and Tuberculosis DNA Target (Fig. 2.13(C)) and
PLP (Fig. 2.13(D)) used in the project.
Figure 2.13: Secondary structures of Influenza DNA target (A) and padlock probe (B),
and of Tuberculosis DNA Target (C) and padlock probe (D). Image partially adapted from
ESI of Paper II.
It is clear from the first look that the both Influenza and Tuberculosis sequences reveal
multiple self annealing spots, above all at the CO binding site (green bases in Fig. 2.13).
The blue bases show the DO binding site, which is less problematic thanks to the two
unpaired loops of the PLP site.
Due to the strong intramolecular bonds at the CO binding site, there was a need for the
melting of those bonds to favour an efficient capture of the DNA Target - PLP conjugates
with the CO. The result was obtained by annealing them at 55◦C for Influenza and at 60◦C
for Tuberculosis. At these temperatures, the intramolecular secondary structures unzips
and the CO can bind successfully to the DNA target upon annealing of the complementary
DNA strands. Slow cooling of the mixture in thermoshaker (to 30◦C during 30 min) was
important for CO bridges to form whereas instant cooling of denatured DNA molecules
(to 23◦C) prevented proper hybridization between the CO and the DNA Target.
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2.4.2 Rolling circle amplification (RCA)
Rolling circle amplification is an isothermal amplification technique for molecular diag-
nostics. Upon sequence specific ligation, where a circular template is formed by annealing
and ligation of a padlock probe onto the target, the 3′-end of DNA targets are extended by
an enzyme called phi29 polymerase. This enzyme has strong ability to displace newly syn-
thesized DNA copies, by adding nucleotides to a growing line of DNA product (also called
rolling circle product or RCP) [81]. This leads to the formation of a long single-stranded
DNA concatemer containing repeated copies of the DNA sequence complementary to the
PLP as shown in Fig. 2.14.
This amplification technique takes place at 30-40◦C and due to the high processivity of
the phi29 polymerase, linear amplification can be performed for up to 20 h. After about
30-60 min of RCA, RCA products (RCPs) are coils of DNA with a size of 0.2-1 µm [45].
The amplified DNA sequence has tendency to fold into so-called nanoflowers comprised
of DNA wrapped around magnesium pyrophosphate crystals, by-products of amplification.
Spatial organization of RCPs is complex and requires further attention since the effective
number of binding sites in RCPs can be significantly decreased due to (1) intramolecular
folding and (2) co-crystallization of DNA with magnesium pyrophosphate salts.
Figure 2.14: Graphic showing the RCA process. The phi29 enzyme first act as exonucle-
ase, removing the single stranded bases from the 3’-end of the DNA Target. Once arrived
at the double stranded bases, it starts its polymerase activity by replicating the DNA
Target. Image adapted from [106].
2.5 Optomagnetic detection
In order to detect the RCPs, we study the change in the hydrodynamic size of magnetic
nanoparticles (MNPs) when they bind to the RCPs. There are several different ways to
study the hydrodynamic size, and in this project we use a quite novel and fast method
called optomagnetic detection, pioneered in our group by Marco Donolato, Mikkel F.
Hansen and Jeppe Fock. The basics of the optomagnetic theory have been extensively re-
ported by Fock et al. and Donolato et al. [49]–[51]. Here I intend to explain the principles
in order to make the results of the next chapters comprehensive.
The optomagnetic technique (from now on called OM technique) probes the second
harmonic modulation of light transmitted through a suspension of MNPs in response to
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a magnetic field B(t), as illustrated in Fig. 2.15.
Figure 2.15: Schematic illustration of the principle of the OM technique.
As portrayed in the figure, MNPs have an elongated shape, rather than a spherical one
and have a remnant magnetic moment along their longitudinal axis. The Beer-Lambert
law describes the intensity of the light, I(θ), transmitted through a suspenion as:
I(θ) = I0 exp (−σ(θ)nz) (2.16)
where I0 is the intensity of the transmitted light, n is the MNP density concentration, z
is the optical path length and σ(θ) is the average extinction cross section of an MNP. The
extinction cross section refers to the orientation (angle θ) of the axis of the MNP to the
light path axis, and can be written as:
σ(θ) = σ‖ cos2(θ) + σ⊥ sin2(θ)
= (σ‖ − σ⊥) cos2(θ) + σ⊥
= ∆σ cos2(θ) + σ⊥
(2.17)
The parameters σ‖ and σ⊥ are the extinction cross sections of the MNPs, when they
are parallel and perpendicularly aligned to the light path. The extinction cross-section can
be regarded as the total losses (extinction) of energy from the incident beam due to both
absoption and scattering. In our case, both the magnetic field and the light are horizon-
tal as shown in Fig. 2.15, meaning that the parallel cross-section σ‖, will absorb less light
compared to the perpendicular one σ⊥. Therefore ∆σ is expected to be a negative number.
The thermal average of the parameter cos2(θ) can be defined thanks to Boltzmann
statistics as 〈cos2(θ)〉 = 1/3 + (2 × β2)/45, where β = (mB)/(kBT ) is the ratio between
the magnetic and thermal energies [49]. At low fields 〈cos2(θ)〉 = 1/3.
The signal measured at the photodetector is a voltage V (t) which is normalized with a
reference signal Vref , in order to correct for possible variations of the transmitted light. Vref
is referred to zero magnetic field and therefore randomly oriented MNPs. The outcome
for a thin sample is:
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V (t)
Vref
' 1− nz∆σ 2
45
(β2) (2.18)
In case of an oscillating magnetic field:
B(t) = B0 sin (2pift) (2.19)
the MNPs will show optical extinction depending on their alignment with the magnetic
field, based on the frequency f .
If we introduce the oscillating magnetic field B(t) in Eq. (2.18), we can postulate a
response of the form:
V (t)
Vref
= 1− nz∆σ
2
45m
2B20
(kBT )2
sin2(2pift− φ) (2.20)
where we have introduced the parameter φ, a phase-lag of the MNPs response. By intro-
ducing the Pythagorean identities to re-write sin2(2pift− φ), the signal becomes:
V (t)
Vref
= 1− nz∆σ
2
45m
2B20
(kBT )2
(1− cos(2φ) cos(4pift)− sin(2φ) sin(4pift)
= V0 + V
′′
2 cos(4pift) + V
′
2 sin(4pift)
(2.21)
The 1st harmonic signal is not observed, due to the square dependence in Eq. (2.20)
and thus only the average (or zero’th harmonic) photodetector signal V0 and the 2nd
harmonic signal are considered, which will be used to detect changes in the hydrodynamic
size of MNPs. The complex second harmonic signal can be divided in its real (sin(4pift))
component V ′2 and imaginary (cos(4pift)) component V ′′2 as:
V ′0 = 1−
nz∆σ 245m
2B20
(kBT )2
(2.22)
V ′′2 =
nz∆σ 245m
2B20
(kBT )2
cos(2φ) (2.23)
V ′2 =
nz∆σ 245m
2B20
(kBT )2
sin(2φ) (2.24)
We now turn to consider the phase lag φ of the response of the particles. The introduction
of the magnetic field allows us to study the optical extinction as function of the frequency
f . A change in frequency will modify the MNPs ability in aligning with the magnetic
field, introducing a phase lag φ.
Fig. 2.16 shows the measured signal response for increasing frequencies (2, 25, 107 and
651 Hz).
Clearly, for increasing frequency the phase lag will increase, and in turn the maximum
signal amplitude will decrease. The decrease in signal amplitude is due to the change of
sign of the magnetic field, before MNPs were able to align.
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Figure 2.16: Measurements of the photodetector signal at different frequencies with the
corresponding oscillating magnetic field. The measurements were done on a suspension of
MNPs functionalized with short DNA sequences.
The rotation for the MNPs to align to the magnetic field, in order to reach equilibrium
is called Brownian relaxation. The characteristic frequency is:
fB =
kBT
pi2η(T )D3h
(2.25)
where kB is the thermal energy, η is the viscosity and Dh is the hydrodynamic diameter.
Clearly, fB decreases at increasing hydrodynamic sizes. For the 100nm MNPs used for the
detection, the Brownian relaxation frequency is equal to 468.38 Hz.
The Brownian relaxation frequency corresponds to the point where V ′2 shows a peak-
like feature, at approximately fp = 1.21fB/
√
3 = 0.70fB and to the point where V
′′
2 crosses
zero [50]. Furthermore f = fB corresponds to a phase lag of φ = pi/4. Therefore the peak
can be used to determine the Brownian relaxation frequency and consequently also the
hydrodynamic size. Fig. 2.17 shows the real, imaginary and phase graphs.
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Figure 2.17: (a) Real part , (b) imaginary part and (c) phase lag of the second harmonic
signal as function of frequency. The different dots and colors refer to the frequencies
studied in Fig. 2.16.
Evaluation of OM spectra In an average experiment, the spectra will show 40 mea-
surements over the course of 30 min, corrisponding to a new spectrum measured every 45
s. The spectra can be seen in Fig. 2.18(a). It can be divided in two areas defined by the
two peaks:
• The peak of positive sign at low frequencies associated with clusters of MNPs.
• The peak of negative sign at high frequencies asscociated with free MNPs.
As an example for better understanding, at high DNA concentrations the MNPs will
have longer RCPs to attach to, creating more agglutination compared to lower concentra-
tions. As a result, the peak in the high frequencies (turn-off) will lower the amplitude as
more free MNPs disappear from the light guide. In contrast, the peak at low frequencies
(turn-on) will increase due to the increase in bound particles. Basically, the magnitudes
of those peaks change as more free MNPs agglutinate.
The study in the project is carried out analyzing the turn-off signal, with a range of
frequencies 50-1000Hz. We detected the binding of MNPs to the rolling circle products
(RCPs) via the depletion of unbound MNPs, as shown in Fig. 2.19(a) and (b).
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Figure 2.18: (a) Measurement of the normalized real part of the second harmonic. (b)
Depleted signal on time. The arrow shows the parameter taken in consideration for our
studies, which is the amount of bound MNPs. Measurements was carried at 56◦C with
a target concentration of 200pM for a period of 30 min. The arrows intend to show the
growth profile of the curve over time. Image adapted from Paper III.
Figure 2.19: (a) Sketch of the situation during the initial sweep. The RCPs detach
from the CO-MMB, leaving the RCPs free to move in the chamber. (b) Shows the sketch
of what happens during the following sweeps, with the DO-MNPs slowly binding to the
RCPs.
The signal over time of Fig. 2.18(b) shows the fraction of free MNPs for two target
concentrations: a negative template (black line) and 200pM (brown dots). The higher the
concentration, the lower the signal will be, since more MNPs will be bound to the RCPs.
Time is also an important factor since more beads will bind to the RCPs over the time.
For the NTC sample, the signal depletion due to unspecific interactions was found to be
about 3-5%. We can define the fraction of free MNPs (FMNP) in the 40th spectrum as
the ratio between the free MNP signal in the 40th spectrum to the first spectrum after
the temperature stabilized. Both first and 40th second harmonic signals are normalized
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with the zero’th harmonic of the same sweep. The normalization is carried out in order
to compensate for variations of the incoming light.
FMNP =
∑1000 Hz
f=50 Hz V
′
2(f, 40)/V0(f, 40)∑1000 Hz
f=50 Hz V
′
2(f, 1)/V0(f, 1)
. (2.26)
In the dose response curve we show the fraction of the bound MNPs, as illustrated
with the arrow in Fig. 2.18(b), which can be calculated as:
BMNP = 1− FMNP (2.27)
The results are then portrayed in a dose-response method, where the average from mul-
tiple measurements of the depletion of the turn-off signal is calculated for different target
concentrations and plotted in a single graph. The time frame at which it is calculated in
this project is 20 or 30 min.
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Chapter 3
Chip fabrication methods
An important aspect of the project lies in the ability to rapidly create chip prototypes
for mass production, in order to be as commercially relevant as possible. The fabrication
method chosen for this project evolved over time, with a main focus on injection moulding
for the first year and half. Due to some technical problems, it was then chosen to shift
towards a faster design prototyping method such as CO2 Laser for the following year.
Finally, thanks to a collaboration with the Mechanical Department at DTU, in the last
six months of the project it was possible to shift back again to injection moulding. The
reasons that made me take the decision of changing from one fabrication method to another
will be described in this chapter.
Kistrup et al. [90] demonstrated the possibility of obtaining mass produced finished chips
in two (full) working days using micromilling and laser machining as prototyping methods,
injection moulding as fabrication method and ultrasonic welding for bonding. The process
was used in this project too, and will be explained in the following sections.
3.1 CO2 laser machining and adhesive bonding
Infrared laser ablation is a material removing fabrication method, which uses heat from
the laser beam to ablate the material itself. Its high flexibility together with the possibil-
ity of changing the design make this method an important tool for micromachining [108]
[109].
The laser machine used is an Epilog Mini 18 Laser, with 45×30 cm2 work area, a wave-
length of 10.6 µm that hits the surface perpendicularly and is focused with the aid of
lenses and a mechanical plunger. To control the laser, a vector graphics editor was used
(CorelDraw). The machine was operated in two different modes of laser processing: vector
cutting, to cut through polymer layers, and raster engraving, to ablate cavities in a layer.
In the first one the graphic file consisted of vectors (lines and curves), and once imported
in the software the lines were traced vector by vector by the laser and cut. Raster en-
graving consisted of removing the material pixel by pixel by the laser. In this way, it was
possible to create protrusions by removing pixel by pixel only the material around them.
The parameters to be chosen were the speed, power and resolution of the laser.
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In our case the chip was made of three layers of different heights, as illustrated in Fig. 3.1.
Parts 2 and 4 refer to the pressure sensitive adhesive tape (PSA), which is applied to part
3 and was used to bond the parts together (see next section).
Figure 3.1: Exploded view of the chip layers where parts (1,3,5) consist of the PMMA
layers of the chip. Parts (2,4) are the PSA foils. Image adapted from Paper III.
3.1.1 Pressure sensitive adhesive bonding
In order to bond the different chip layers together, a P/O Weber manual 2-column labo-
ratory press, model PW 10 H was used. The machine consisted of two plates (columns)
which could be moved through the use of a lever. The chip parts were put together (cre-
ating a square of 10 cm) and placed between the two plates at room temperature. A
pressure of 20 kN was applied for one minute, allowing the pressure sensitive adhesive to
form a bond between layers, after which the chip was ready for the final cut.
3.2 Injection moulding
Injection moulding was the main technique adopted to fabricate chips mainly for its abil-
ity to outperform one-step manufacturing methods when talking about mass production.
Morevoer, the possibility of manufacturing in (full) 3D allows us to fabricate intercon-
nected chambers and channels for liquids [110].
In this section I will focus on explaining the different steps needed for this specific fabri-
cation method, the process flow chart, with every step, can be seen in Fig. 3.2.
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Figure 3.2: Chip development scheme employed for a part of this PhD project.
3.2.1 Materials
The aim of this project was the creation of a low-cost single-use polymer chip, to carry
out a specific amplification bioassay. The detection technique used is the optomagnetic
detection. This technique uses an LED to send the light through the polymer chip and for
this reason the chip should be transparent. Moreover, the polymer should be compatible
with the fabrication processes explained above. Therefore, we chose to use a thermoplas-
tic cycle-olefine copolymer (COC), based also on the previous study carried out in the
PolyNano project by Kasper Kistrup [90].
Due to a major issue in the demoulding step of the injection moulding process, a short
part of the project was done with the use of polypropylene (PP), which had better proper-
ties for demoulding [111]. However, the PP grade available at our department (PP grade
RF366MO) was very opaque, making it a poor choice for the optomagnetic detection.
Poly(methyl methacrylate) or PMMA, a transparent polymer, was the polymer selected
for fabricating with CO2 Laser.
3.2.2 CAD softwares
Computer-aided design (CAD) was used in this project to design the different chips stud-
ied. It is an efficient method to draw and modify designs and is widely supported for a
series of machines, thanks to the possibility of exporting the design in different formats. In
this project Inventor Professional 2016 was the main CAD software used, while SolidWorks
2017 was used to carry on the project collaboration with the Mechanical Department (see
subsection 3.2.7).
3.2.3 Micromilling
Milling inserts (or shims) to be placed inside the injection moulding were designed using
Autodesk Inventor Professional 2016 and converted in G-code through HSM Express, a
CAD/CAM programming tool for Inventor. The fabrication was done on a three-axis Mini-
Mill frame fitted with a Nakanishi E3000C spindle and controller (Minitech Machinery,
Georgia). The shim (see an example in Fig. 3.3(a)) was created using a 100 mm square-
shaped, 2 mm thick 2017 aluminum alloy, which was fixed to the machine with the use of
a circular holder screwed to the top of the workplace and filled with oil (see an example
in Fig. 3.3(b)). The aluminum square was then micromilled with flat-end mills ranging
from 2 mm - 0.5mm, and 0.05 mm engraving tools, to 1.35 mm thick discs (= 85 mm),
to fit in the mould of the injection moulding machine. Thicker or thinner discs were not
allowed, creating a height constraint in the fabrication process. Due to this inconvenience,
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a maximum height for walls was suggested to be around 200 µm, since deeper cuts once
filled with polymer would create more adhesion during the demoulding process.
Figure 3.3: (a) Example of a shim created with micromilling. (b) Picture of the mi-
cromilling setup, with circular holder screwed to the work area and filled with oil.
3.2.4 Laser modification of the mould insert - creation of energy direc-
tors
After the shim was created, a post-processing step was applied to all shims, carried out
at DTU Danchip on a microSTRUCT vario (3D-Micromack AG, Chemnitz, Germany)
equipped with a Fuego 1064nm, 50W picosecond laser. The shim was placed on the chuck
inside the machine. The task was created by uploading a job file (designed on CAD)
containing the pattern to be drawn. The pattern, shown in figure Fig. 3.4, was created as
an offset of the contour of the chip, by drawing 10 parallel lines (10 µm spacing), repeated
10 times at 50% power, 1000 mm/s speed and focus plane 1.3 mm above the surface
[112]. Before the pattern was created, an alignment step was carried out. This allowed
the creation of energy directors, pyramid-shaped protrusions introduced at the point of
contact of the two polymer parts that need to be fused together (see Fig. 3.5).
Figure 3.4: Sketch showing an example of the pattern of the energy directors. The green
lines define the contour of the layout of the chip, the thick blue line is in reality 10 lines
(10 µm spacing).
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Figure 3.5: Example of what an energy director looks like and its function. Image adapted
from [90].
3.2.5 Technical specifications of the injection moulding
A detailed description of injection moulding can be found in [113]. Here I will focus on
explaining a few technical details of the process chosen for a better understanding of the
outcome. A schematic of the machine is depicted in Fig. 3.6. The injection moulding
carried out in this project was mainly performed at DTU Danchip on an Engel Victory
80/45 Tech hydraulic machine (ENGEL, Schwertberg, Austria).
Figure 3.6: Schematic of the injection moulding machine with detailed names of the
different parts. The image was adapted from [114].
In order to obtain a mass production of chips, a sequence of five steps termed injection
moulding cycle has to happen carefully, after having placed the shim inside the machine:
1. The moulds close and the empty part between the molds is filled at high pressure
with molten polymer coming from the barrel and heated up through heaters.
2. The pressure is held for a specific time (depending on the process) to ensure a
complete filling over the shim.
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3. The pressure is then reduced to a lower pressure called holding pressure where the
mould is cooled down.
4. When the polymer right after the nozzle has solidified, the temperature is lowered
even more since there is no risk for the polymer to flow out of the mould.
5. Once the polymer is sufficiently solid, the mould opened and the process of demould-
ing begins. The moulded part is pushed out of the mould by ejector pins.
The parameters to be chosen once the process is started are: heaters and moulds temper-
atures, pressure, holding and cooling time.
To make the process and the mould part more understandable, Fig. 3.7 illustrates schematic
example of the process just described.
Figure 3.7: Example of a mould and fabricated product. Image adapted from [115].
It is vital to keep in mind that the injection moulding at Danchip department was
designed in order to have high flexibility in the creation of different types of chip. In order
to achieve this high flexibility, the moulds were created so that it was possible to change
only a small part (from now on called ”tool”) to obtain different shapes of polymer chips.
In a normal injection moulding, this would not be the case, but it would require the change
of the entire mould (comprised of steel casing, ejector pins etc). The availability at DTU
Danchip in regard of fabrication of chips with different outlines are: a luer disc tool (50
mm) featuring 12 luer-locks connectors [116], a microscope slide tool and a flat microscope
slide tool (both 26 × 76 mm2). In Fig. 3.8 it is possible to see an example of a polymer
chip in luer format (part (a) of the figure) and microscope slide format (part (b) of the
figure).
Demoulding problems The ejector pins, which should push the chip out of the tool,
are in a suited position for the luer disc, however miss out the bottom part the microscope
slide. This is of course due to the fact that to make the change of tool faster, the idea
was to keep the mould (steel casing and ejector pins) the same, while only changing the
part relative to the shape of the chip. This downside is shown in figure Fig. 3.8. In both
parts (a) and (b) of the figure, it is possible to notice the holes left by the ejector pins
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during the demoulding process (red circles enlight the holes for better comprehension). It
is clear that in the case of the microscope slide, the ejector pins are not enough and not
placed in a suitable position. A correct positioning would make the ejector pins in both
the middle and bottom part of the chip. As a consequence, the demoulding of this specific
design introduces a degree of uncertainty, making the realization of the microscope slides
more challenging with certain polymers.
In our case, problem arose when trying to fabricate chips in the microscope slide format
with the COC TOPAS due to post-molding shrinkage. For COCs it typically falls in
low values between 0.4% and 0.7%. Shrinkage is slightly greater in the flow direction
rather than in the transverse direction, so very flat parts can be moulded. Due to the
low shrinkage of this specific polymer, draft angles should be included during the design
process [117]. In our case draft angles of 2◦ and 5◦ were included, but the malpositioning
of the ejector pins was still the major issue in the demoulding process of the COC. Due to
all the above-mentioned, there was a need for the use of a new easy-to-demould polymer.
Figure 3.8: (a) Shows a chip created with the luer disc tool. (b) Shows a chip created
with the microscope slide tool.
3.2.6 Ultrasonic Welding
The fabrication process used in this PhD project was mainly based on the previous work
carried out by former PhD students Kasper Kistrup and Esben Poulsen, who pioneered a
technical innovation to create energy directors for ultrasonic welding [90], [112].
The equipment at our department is a Telsonic USP4700 20kHz ultrasonic welder (Tel-
sonic, Erlangen, Germany). It uses ultrasonic vibrations, of frequencies ranging from 15
to 70 kHz, to the parts that need to be connected. These vibrations heat the two parts,
specifically in the points of contact (i.e. energy directors), causing them to melt locally
and therefore welding them together (see figure Fig. 3.9 for the schematic of the machine).
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The ultrasonic welding process used in this project requires the use of a welding delay.
Figure 3.9: Schematic of the ultrasonic welding machine. The image is adapted from
Poulsen et al. [112].
Initially, the sonotrode part is held up by the pneumatics, and once the part to be welded
is placed on the workplace, the pneumatics are switched to down pressure position while
the machine begins to move down slowly to approach the parts (phase 1 in Fig. 3.10).
Once the sonotrode bottom touches the top part of the chip, the machine changes the
pneumatic from down pressure to weld pressure. After a preset delay the generator sends
a high-frequency alternating current to the piezoelectric transducer (phase 2 in Fig. 3.10).
The piezoeletric reacts by expanding and contracting, creating ultrasonic waves (phase 3
in Fig. 3.10). The energy is then transmitted through the sonotrode to the chip parts,
more specifically reaching the contact points between the two parts, which melt and fuse
the two parts together as illustrated in phase 4 of Fig. 3.10. The process stops after a hold
time, the sonotrode is retracted and the newly formed chip can be taken out. The entire
process requires around 10 s. The parameters to be chosen are the delay time, energy,
amplitude, weld pressure and hold time.
Limitations of injection moulding at our Department Aside from the demould-
ing problems that arose during injection moulding of COC polymer at our department,
another important factor that limited the achievement of the project goal was the thick-
ness constraint of the injection moulding machine. As stated in section 3.2.3, the shim
to introduce in the injection moulding could only be 1.35 mm thick. Consequently, the
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Figure 3.10: Ultrasonic welding process. The image is adapted from Throughton et al.
[118].
maximum height suggested for the chip walls is around 200 µm, because deeper cavities
would make the demoulding close to impossible. Also, in regards of process parameters,
it is vital to keep the shim thickness to a certain height to maintain mechanical stability.
The wall thickness is of a great relevance when the chip is used with optomagnetic detec-
tion. This method, uses a LED and a light guide (5 mm) to shine the light through the
polymer chip. In our case, it is vital that the light shines from the side of the chip rather
than from the top/bottom, since in the latter case it would interfere with the heating of
the chip itself. In order to shine the light from the side, the thickness of the chip has to
be in a range of 2 or 3 mm, similar to the size of the light guide. This called for the need
of a new method of fabrication of chips.
3.2.7 Externally fabricated injection moulded chips
Due to the previously mentioned limitations, it was decided to collaborate with the Me-
chanical Department at DTU, for mass production of chips. The requirement was the
creation of an entire mould and two mould inserts, specific for our design. In order to
obtain the desired design the first step of the process was to transfer the CO2 Laser design
into SolidWorks 2017, as required by the Mechanical Dept. Several meetings took place
to finalize chip design, an essential step to create the mould insert design shown in figure
Fig. 3.11, representing the top part of the chip. A similar mould insert was created, sim-
ply with a flat design. Also in this case, a post processing step for the creation of energy
directors occurred before injection moulding the chip.
40 CHAPTER 3. CHIP FABRICATION METHODS
Figure 3.11: Picture of the mould insert created at the Mechanical Department of DTU.
The design replicates the one developed using the CO2 Laser.
Chapter 4
Injection moulded chip for the
study of capillary burst pressures
This chapter discusses the fabrication and testing of an all-polymer injection moulded chip
for the study of capillary burst pressures. The chapter starts with a description of the
limitations of microfluidic devices and the objective, followed by the chip fabrication tech-
niques and its characterization. Finally, the burst pressure measurements are described
together with the results. The knowledge obtained in this study, was of great importance
for the subsequent chapters.
4.1 Introduction and objectives
A lab-on-a-chip is a class of devices that integrates and automates multiple laboratory
techniques into a system that fits on a chip of a few square centimetres in size. The main
advantage, but also drawback, of these systems is the high surface-to-volume ratio, causing
capillary forces to dominate over inertial ones. Another well-known issue is the occurrence
and trapping of air bubbles at undesired locations. In order to solve these problems,
Vulto et al. presented an attractive structure that allowed control of the wetting and
filling of microfluidic devices: phaseguides structures [91]. The phaseguide structures are
ridges protruding from either the channel bottom or top, pinning the liquid meniscus
until the pressure exceeds the burst pressure defined by the geometry of the structure and
the wetting properties of the liquid. The burst pressure is tuned by varying the angle
between the phaseguide ridge and the sidewall of the channel or by introducing kinks or
branches in the phaseguide structure [119], [120]. By use of phaseguide structures, passive
liquid valving and the controlled and bubble-free liquid filling of microfluidic chambers of
arbitrary shape was demonstrated [33].
The objective of this part of the project was the creation of a lab-on-a-chip system,
that could allow filling of liquids without the risk of trapping air bubbles. The creation
of bubbles inside the chambers of a chip, would not only influence any biological reaction
happening inside them, but would also interfere with the specific type of optical detection
used in this project. Until now, in the main studies cited above, the fabrication was carried
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out using photolithography, which leads to well-defined structures with the flaw of being
kept of the same height, to keep the fabrication simple. In our case, we have investigated
the burst pressure of two different liquids in microfluidic structures, with phaseguides
defined by milling and fabricated by injection moulding, allowing a simpler modification
of the height of the structure while maintaining a constant geometry. The knowledge
obtained in this study enables simple tuning of liquid spreading in different channels, with
the use of phaseguides of different heights.
4.1.1 Mould description
The tool chosen was the luer disc, which was defined as a 50 mm disc featuring 12 luer-
locks. The shim was defined as the negative counterpart of the design. The layout of the
shim included seven channels in parallel, each with its own luer-fitted inlet (as illustrated
in Fig. 4.1(b)). Each channel had a height of H = 200 µm and contained a sequence of
five phaseguides of increasing nominal heights: hnom= 20 µm , 40 µm , 60 µm , 80 µm and
100 µm. All phaseguides were straight and orthogonal to the channel length (90◦). One of
the channels, of width W=1 mm, did not feature any branches on the phaseguides. The
remaining six channels, three of W=1 mm and three of W=3 mm, contained phaseguides
with a centrally placed branch forming an angle of α= 45◦ 60◦ or 75◦ (see Fig. 4.1(a)).
The overall chip structure, including the luer inlets, is illustrated in Fig. 4.1(b) and (c).
Figure 4.1: (a) Side and top views of a channel (heighth H, width W ) with a 90◦
phaseguide (height h) and a centrally placed branch at an angle α. (b) Layout of the
seven channels of the chip, showing the connection from the inlets to the outlets (waste
chamber). (c) Picture of the real chip prior to ultrasonic welding, showing the layout of
the chip. Image adapted from Garbarino et al. [92].
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The shim was designed and milled as expressed in the previous chapter, using a 3 mm
flat end for the initial rough milling, a 0.5 mm flat end for the countouring of the layout
of the design, a 0.05 mm engraving tool with opening angle = 15◦ for phaseguides (DIXI
polytool 7009, art 976370, 30◦) and a 2 mm flat end for the cut out of the circular shim
from the aluminum square.
4.2 Methods
4.2.1 Fabrication of chips
The all polymer chip consisted of two parts: a main part in COC polymer (TOPAS grade
5013L-10), fabricated by injection moulding and a 0.254 mm COC foil (TOPAS grade
5013S-04), both from TOPAS Advanced Polymers GmbH, Frankfurt, Germany. Injection
moulding was carried out at the Danchip department. In this case the luer mould insert
was chosen, which featured the negative counterpart of the channel layout on one side and
the luer design on the other. The machine ran an isothermal program with the following
parameters:
• Heaters: THeater1=240◦C, THeater2=250◦C, THeater3=260◦C, THeater4=270◦C.
• Mould: TMouldFront=120◦C, TMouldBack=120◦C.
• Injection moulding pressure and time: 1766 bar for 5 s
• Cooling time: 5 s
4.2.2 Characterization methods
Characterization methods were described in detail in Paper I, and will only be briefly
summarized.
Test liquids Two different liquids were used in experiments, as shown in Table 4.1.
MilliQ and PBST-BSA as a representative buffer for analysis of biological samples. To
facilitate visualization of the liquids in the channels, Brilliant Blue R dye was added to
both solutions.
Table 4.1: Buffers and reagents composition
Buffer name Composition Density
Water Millipore MilliQ lab water system 998 kg/m3
PBST-BSA
mixture of phosphate buffer saline con-
taining 0.01 % (V/V) of surfactant
Tween 20 and 0.1% (V/V) of protein
bovine serum albumin, (Sigma Aldrich)
1005 kg/m3
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Burst pressure measurements Hydrostatic burst pressures were determined by using
a custom built setup (as shown in Fig. 4.2). Experiments were performed by raising one
end of a peroxide cured silicone tubing (OD= 10 mm, ID=6 mm), filled with one of
the test liquids at time, connected to the chip on one end and to a Thorlabs LTS150
motorized stage (Thorlabs, Newton, NJ, USA) moving in the vertical direction (∆z) on
the other side. In the experiments, the chips were mounted with the luer connectors facing
downwards. An experiment was performed by first adjusting ∆z in a way that the liquid
level in the open end of the tube matched the top of the channel. The tubing was then
raised at 1 mm/s while carefully monitoring the position of the liquid meniscus in the
channel. When the liquid burst through a phaseguide, the stage was immediately paused
and the position noted. Subsequently, the stage motion was re-engaged to study the burst
pressure of the next phaseguide. Measurements were performed on three different chips,
which were rinsed and dried before conducting another set of measurements. The applied
burst pressure was determined as pburst = ρg∆z where ρ is the density of the liquid, g =
9.82 mm/s2 is the gravitational acceleration.
Figure 4.2: Setup used for the experiments. The chip was mounted with the luer con-
nectors facing downwards with one end of a tube attached to the luer. Experiments were
performed by increasing the height of the open end of the tube while monitoring the
position of the liquid meniscus in the chip. Image adapted from [92].
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Channel sealing with Ultrasonic Welding An important aspect in order to charac-
terize the fabrication technique, was the feasibility of the bonding using ultrasonic welding.
For this reason, chips were filled with PBST-BSA (mixed with blue dye to aid visualization)
and an investigation of the sealing by energy directors was performed using microscopy.
PBST-BSA was chosen as liquid because it is able to spontaneously fill any gaps by cap-
illary forces, due to its low contact angle (83◦, thus hydrophilic). Fig. 4.3 illustrates the
results of this study, after having checked the chips with a microscope (LEICA MZFLIII
Stereomicroscope, equipped with a Sony DFW-X710 camera). Fig. 4.3(a) shows a top
view of the four 1 mm wide channels of the chip, none of which show leakage. Fig. 4.3(b)
shows a zoom-in on one of the 1 mm wide channels. The area containing the welded
energy directors can be observed as the two 200 µm wide bands along either side of the
channel. The sharp transition between inside and outside of the channel, clearly defines
the two regions and indicates that the welding has left either no gap or a gap of negligible
size in the region between the channel and the welded energy directors. Results were in
agreement with a previous study of energy directors and ultrasonic welding made by the
same method [121].
Figure 4.3: Pictures of the injection moulded chip sealed by ultrasonic welding filled
with blue-dyed PBST-BSA in the 1 mm wide channels. (a) Shows an overview of four
sealed 1 mm wide channels. (b) Shows a zoom-in on one of the 1 mm wide channels. The
energy director welding seams are visible as bands along the channel. Image adapted from
Garbarino et al. [92].
4.3 Results
This section highlights the burst pressure results focusing on the measurements regarding
PBST-BSA and channel width W=1 mm, which are of more importance for the second
half of the project. The other results are presented in Paper I.
4.3.1 Phaseguides height
All channel and phaseguide geometries were investigated by confocal microscopy to verify
their dimensions. The channel width W and height H were found to correspond to their
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nominal values, and similarly the lateral geometries of the phaseguide branches matched
those of the design. The heights of the phaseguide ridges were investigated at DTU
Danchip by using a stylus profilometer (Stylus profiler - Tencor alpha step). The Stylus
profilometer uses a moving probe to detect along the surface of the sample, acquiring its
surface height. Analysis of the profiles (illustrated in Fig. 4.4) showed that the measured
values of phaseguides height h were systematically 12 µm lower than their nominal values
hnom, meaning that the actual five values of h in the sequence of phaseguides were h=8µm,
28µm, 48µm, 68µm and 88µm. This deviation was attributed to an offset in the z-zeroing
of the engraving tool during the micromilling fabrication of the shim. The measured values
were used in the plots and the analysis in the next section.
Figure 4.4: Result of stylus profilometer scan along injection moulded channel with W
= 1 mm over phaseguides without a branch and nominal heights of of hnom=100 µm, 80
µm, 60 µm, 40 µm, and 20 µm. The measured values are found to be offset by -12 µm due
to an offset in the z-zeroing of the engraving tool used for the fabrication. Image adapted
from Garbarino et al. [92].
4.3.2 Burst pressures
In order to characterize the ability of the capillary microvalves to stop fluid flow, we
decided to measure their hydrostatic burst pressure. Section 2.3 covered the theory for
capillary microvalves and phaseguides. Briefly, each phaseguide can be thought of as a
capillary microvalve and is based on a channel that forms a 75◦ expansion towards the
main chip part, causing the liquid to pin at the expansion point, due to the now larger
contact angle associated with the triple contact line at this position (see Fig. 2.4 for a
schematic of a capillary microvalve, and Fig. 2.8 for a schematic of a phaseguide). The
measured burst pressures were related to burst pressures estimated using equation 2.15.
The results are shown in Fig. 4.5.
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Figure 4.5: Burst pressure pburst measured as function of h/H for phaseguides with and
one without branches at the indicated angles for W=1 mm, studied with the PBST-BSA
solution. Error bars refer to the standard deviation of the mean (n=3). Solid lines are
linear fits of each dataset. The dashed line is a plot of Eq. (2.15) using the measured
values of contact angles and liquid-air surface tension given in the text. Image adapted
from Garbarino et al. [92].
The graph depicts measured values of pburst for PBST-BSA in a channel with W =
1 mm as function of h/H for a phaseguide without a branch and for phaseguides with
branches having values of α. Note, that a pressure of 100 Pa corresponds to a liquid
column with a height of about 10 mm. The values of pburst were observed to increase
systematically in an approximately linear trend from around 0 Pa for h= 8µm to 250 Pa
for h=88 µm.
The slope for α=45◦ was observed to be lower compared to phaseguides with α higher
than 45◦. The lines are linear fits of pburst = p0 + pslope× (h/H) to the data. It should be
noted that the PBST-BSA measurements were performed on three different chips (n=3),
and that the behaviour changed irreversibly once a channel had been primed with the
PBST-BSA solution. Specifically the study of the modification of the surface wettability
showed that the polymer chip contact angle lowered from 83◦ to 65◦, after an overnight
exposure to PBST-BSA. For this reason, repeated measurements on the same chip were
not performed for PBST-BSA.
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4.4 Summary
In conclusion, we were able to create an injection moulded and ultrasonically welded
polymer chip with integrated phaseguide structures. Micromilling introduces a level of
uncertainty due to the zeroing of the tools, which can be avoided using a 5-axis Milling
machine rather than a 3-axis one as in our project. The fabrication method used in this
part of the project is compatible with low-cost mass production of chips, which was one
of the main goals of the project. This result enabled us to move forward in the project,
focusing on the integration of the biological assay on chip, as explained in the subsequent
chapter.
Chapter 5
Automated RCA and detection in
injection moulded chip
This chapter discusses our first approach to implement rolling circle amplification (RCA)
on a chip. The chapter starts with the chip fabrication techniques with a focus on the
choice of material to use, followed by the explanation of the setup to carry out experi-
ments. Finally, RCA and detection on a multi-chambered chip is demonstrated, via the
optimization of the RCA temperature. This work was presented at the International con-
ference on Micro and Nano Engineering (MNE2017) as an oral presentation and partially
refers to conference contribution II.
5.1 Objective
The objective of this part of the project was the creation of a lab-on-a-chip device, designed
for the automation of an isothermal RCA assay. In this chapter, the manufacturing method
for the fabrication of chips was injection moulding, with the choice of polypropylene (PP).
On-chip RCA and optomagnetic readout of RCPs are demonstrated. The work demon-
strates integration of the optomagnetic readout, with a multichamber injection moulded
chip.
5.2 Methods
5.2.1 Assay requirements
The assay comprises sequence specific ligation followed by isothermal RCA. In this first
chip, the use of microbeads as means of transport between chambers was not yet im-
plemented, so the idea was to carry out both RCA and detection on chip in the same
chamber. Moreover in the initial setup, there was only the possibility of heating the entire
chip at the same temperature, meaning that ligation had to be performed off-chip in a
thermoshaker, otherwise the polymerase enzyme for RCA would have been inactivated.
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5.2.2 Mould description and fabrication
The injection moulded all polymer chip was developed at our department, following the
process flow explained in section 3.2.
The shim was designed and milled using a 3 mm flat end for the initial rough milling, a
0.5 mm flat end (with a 2◦ draft) for the countouring of the layout of the design, a 0.05
mm engraving tool with opening angle = 15◦ for phaseguides (DIXI polytool 7009, art
976370, 30◦) and a 2 mm flat end for the cut out of the circular shim from the aluminum
square.
Injection moulding was carried out at the Danchip department. The machine allows
for two interchangeable tools. In this case, the microscope slide mould tool was chosen
for the top part, which featured the negative counterpart of the channel layout on one
side. For the bottom part, it was used the flat microscope slide tool. There are two main
reasons for deciding to change the tool: the luer tool has 12 luer-locks protruding from
the outer part of the chip, which would interfere with the heating of the assay inside the
chambers, secondly the microscope slide format enabled the creation of designs where the
inlet/outlets can be decided and are not forced by the position of the luers. Similarly, the
amount of ”free space” where the design in the luer tool can be created is quite minimal
compared to the slide format.
The machine ran an isothermal program, using PP, with the following parameters for
both top and bottom parts:
• Heaters: THeater1=210◦C, THeater2=225◦C, THeater3=235◦C, THeater4=245◦C.
• Mould: TMouldFront=50◦C, TMouldBack=50◦C.
• Injection moulding pressure and time: 750 bar for 15 s
• Cooling time: 5 s
The shim layout of the top part of the chip featured three circular chambers (5 mm)
of height H = 200 µm with a sequence of phaseguides of height h = 60 µm to control
and enable filling of each chamber with a different liquid from the inlets (see the layout in
Fig. 5.1(a)).
Figure 5.1: (a) Layout of the design (green lines), with energy directors (blue lines) and
a focus on the two phaseguides to stop diffusion (p1 and p2, red holes). (b) Photograph
of the injection moulded and ultrasonically welded three chambered chip, filled with dyed
liquids. The chip format is 26 × 76 mm2.
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Each chamber was connected to a waste chamber, which was then connected to an
outlet. The three chambers enabled future integration of the complete assay on the chip,
but in this work they were filled with the same liquid.
The bottom part was of the same size as the top one, but completely flat. No design was
needed for this part, since the tool chosen (flat microscope slide) had already the specific
outline needed.
The outcome of the filling can be seen in Fig. 5.1(b). The picture shows almost no
diffusion between the different chambers, thanks to the phaseguides positioned in the
channels between them.
The filling process was the following:
• fill c1 until the first phaseguide in the connecting channel (p1) and seal with tape.
• fill c2 until both p2 and p1, and seal with tape.
• fill c3 until p2, and seal with tape.
5.2.3 Material
The choice of material was an important factor, after the demoulding problems that oc-
curred in the first part of the project with the use of COC polymer Topas (see section
3.2.5 for the detailed explanation). In short, the demoulding process was not optimized
for the microscope slide format, due mainly to a malpositioning of the ejector pins in the
mould. Therefore, it was decided to use polypropylene (PP grade RF366MO, Borealis
AG, Austria). PP is designed for high-speed injection moulding and contains nucleating
and antistatic additives.
The improved processability, even at low melt temperatures, allows for faster cycle times,
making it a good choice for injection moulding process [111].
5.2.4 Automated setup
The automation and measurement setup was designed and built by former Post-Doc of
our group Giovanni Rizzi and consists of a motorized stage (LTS 150, Thorlabs, Newton,
New Jersey) that shifts between (1) a heater bed regulated by a Peltier element and (2)
a custom made position for transmission OM measurements (λ = 405 nm LED, photode-
tector, two electromagnets) under the fixed chip position (Fig. 5.2).
The chip position was fixed thanks to a chip holder, for easy fitting and release of the chip.
After loading the chip with RCA mixture, the inlets and outlets were sealed using tape.
The chip was then placed in position (1) at temperature TRCA and RCA was performed
for 20 min followed by quick cooling to 25◦C. Then, the motor stage shifted horizontally,
bringing position (2) underneath the measurement chamber, where the optomagnetic spec-
tra were recorded.
The entire procedure was automated in LabVIEW, with each cycle (from loading the chip
on the setup to the last measurement) lasting around 30 min.
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Figure 5.2: (a) Section of the front view of the setup, showing the main features. (b)
Top view of the setup, once the photodetector and top electromagnet part are removed,
showing the two positions allowed. (c) Sketch of the setup from a side view, showing the
two possible positions allowed.
5.2.5 Bioassay
Bioassay Design Experiments were carried out using synthetic target DNA for the
type-B influenza virus (IDT, 81 oligonucleotide bases). The synthetic target DNA was de-
signed to have a 5’-biotin, in order to be able to directly link to the magnetic nanoparticles
(MNPs).
The padlock probe (PLP) was composed of 90 nt and was designed to match a sequence
of the DNA target. The padlock probe was modified with a 5’-phosphate group. PLPs
were added in 3-fold excess (1.5-24 nM) to minimise the number of unreacted probes
(targets without circles).
All information regarding sequences can be found in Table 5.1, and buffers in Table 5.2.
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Table 5.1: Sequences of influenza target and PLP. The target-specific ’arms’ of the PLPs
as well as their binding sites in the target sequences are underlined.
DNA Tag DNA sequence (5′-3′) Modification
Target
AGACCTGTTACATCTGGGTGCT
TTCCTATAATGCACGACAGAA
CAAAAATTAGACAGCTGCCC
AACCTTCTCCGAGGATAC
5′-biotin
PLP
GGGCAGCTGTCTAATTTTTGAGT
CGGAAGTACTACTCTCTGTGTAT
GCAGCTCCTCAGTAATAGTGTCT
TACGTATCCTCGGAGAAGGTT
5′-phosphate
Table 5.2: Buffers and reagents composition (final concentration).
Buffer name Composition
Ligation buffer
0.2 mg/ml BSA (New England Biolabs), 20 mM Tris-HCl (pH
8.3), 25 mM KCl, 10 mM MgCl2, 0.5 mM NAD, and 0.01% Triton
X-100 (Illumina)
RCA and detection buffer
66 mM Tris-acetate (pH 7.9 at 37◦C), 25 mM Mg-acetate, 132 mM
K-acetate, 0,2% (v/v) Tween 20, 2 mM DTT, BSA 0.2 mg/mL,
190 µM dNTPs (New England Biolabs)
Bioassay performance The objective was to create an automated isothermal RCA
assay on a chip. The assay comprised three steps, of which the latter two where performed
on-chip: (1) ligation, (2) RCA and (3) detection. The entire process is shown in Fig. 5.3.
The first step was performed in tubes using a thermostat (Grant PHMT Thermoshaker,
Cambridge, UK). The reaction, depicted in Fig. 5.3, would occur according to the following
procedure:
I Ligation: eppendorf tube in thermostat at 55◦C for 20 min.
II Capture of biotinylated target on MNPs1: inserted in eppendorf and kept at 55◦C for
another 20 min.
III RCA: solution was inserted in the chip, on the setup, at temperature TRCA for 20
min.
IV Detection: chip on setup, at 25◦C for 5 min.
In brief, the ligation step would allow DNA Target and PLPs to get joined into cir-
cles, which acted as template for the isothermal amplification. Several circles were then
1The magnetic nanoparticles (100nm, MNPs - BNF-Starch streptavidin, prod. code 10-19-102, Mi-
cromod Partikeltechnologie GmbH, Germany).
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Figure 5.3: Process flow for assay on chip, with cartoon-like features explaining the entire
process.
captured on MNPs to saturate them, via direct-link to avoid complexity. As a result, long
rolling circle products (RCPs), repeating the sequence complementary to the circle, were
created during RCA [105]. The RCPs attached to single MNPs, were then detected with
the optomagnetic detection technique. The amount of target density affects the outcome
of the OM spectra, as we observed in unpublished data, with low percentages creating
double peaks or shoulders in the spectra. The efficiency of the amplification is sensitive
to the RCA temperature. Therefore we studied the spectra after RCA took place for 20
min, for TRCA ranging from 20 to 44
◦C. These results were of key importance for the com-
plete integration of the bioassay on chip, since it probes the efficiency of the isothermal
amplification.
5.3 Results
5.3.1 Optimization of RCA temperature
The results of the temperature optimization study are shown in Fig. 5.4. For a better
understanding, it is important to remember that in the optomagnetic spectra, a peak is
centered at a frequency, which is inversely proportional to the hydrodynamic volume of
the MNPs [49]. This is due to the Brownian relaxation frequency fB (Eq. 2.25). Due to
the high probe density, the RCPs interlock into each other, forming a sponge-like struc-
ture that hinders the rotation of the MNPs, which results in a peak shift, as shown in
Fig. 5.4(a), and a growth of hydrodynamic diameter Dh as shown in Fig. 5.4(b). This
means we are looking for the most efficient RCA in terms of RCP size, where the largest
RCP (and Dh) corresponds to the lowest peak frequency.
In Fig. 5.4, it is clearly possible to distinguish between different peaks positioned at dif-
ferent frequencies.
The outcome can be linked to the enzyme activity which changes at different temper-
atures, allowing to divide the results in:
• extremely low enzyme activity (TRCA = 20◦C ).
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Figure 5.4: (a) Optomagnetic spectra of suspensions of MNPs with attached tar-
gets/RCPs measured at 25◦C after 20 min of RCA for a concentration of DNA Target
c=8nM. The figure shows four representative results obtained for TRCA = 20, 30, 38 and
44◦C, together with small schematic illustrations indicating the RCP size. (b) Graph of
the hydrodynamic diameter Dh size change at the different TRCA. Image adapted from
[122].
• deactivation of enzyme activity (TRCA ≥ 42◦C).
• optimal temperature conditions resulting in the longest RCPs (TRCA = 38◦C).
The graph also shows a schematic illustration of the presented interpretation. The
optimal temperature (TRCA = 38
◦C) was a major step in the integration of the assay on
chip, and will be used in the next chapters as the optimal RCA temperature.
5.4 Discussion
The initial integration of the assay on chip, was found to work well when the conditions
remained the same: ligation in tubes and RCA and detection inside the chip. In our
case the final goal was to transfer the entire assay on chip, with no need for external
manipulation by a technician. The ideal chip should have larger chambers, with a larger
optical path. To obtain larger volumes, the milled shim, which featured the counterpart
of the actual chip design, would need to have higher walls than the 200 µm allowed (see
section 3.2.3 on micromilling). Moreover, the use of PP as material to make chips should
be avoided due to its opaqueness.
For these reasons, in order to advance to the final goal of the chip, there was a need
for a similar low-cost fabrication method, which would not have constraints regarding
thickness. The availability at our department included the use of deposition and electro-
deposition, etching, bonding, CO2 laser machining, injection molding, embossing and soft
lithography. Most of the techniques listed, required the use of a cleanroom, which would
counterbalance the initial aim of a ”low-cost” chip. It was therefore decided to use the
CO2 laser machining, by creating chips using three different layers.
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5.5 Summary
We created an injection moulded and ultrasonically welded polymer chip, suitable for in-
tegration of an isothermal amplification assay. The multichamber chip granted controlled
filling of liquid, thanks to the use of capillary forces and phaseguide structures. More-
over, the experiments were run on a custom-made setup with temperature control, motor
positioning and optomagnetic detection. The measurements demonstrated the most ef-
ficient temperature for the bioassay on MNPs (38◦C). The study was carried out as a
pre-investigation for the use of magnetic microbeads, which will be introduced in the sub-
sequent chapter, as means of transport of DNA.
The knowledge obtained from this study, was of great importance in the development of
a single-use polymer chip for the integration of the entire bioassay.
Chapter 6
Integrated bioassay with
optomagnetic detection
This chapter discusses in detail the process of integrating the bioassay on chip. The
chapter starts with an explanation on the requirements needed for the integration, from
chip design to the bioassay design and magnetic microbead (MMB) handling, followed by
the explanation of the setup used to carry out the experiments. Finally, the optimization
process for Influenza is finalized in the last part of the chapter. An optimization process is
started for Tuberculosis, shown in the last paragraph of the chapter, where initial results
are shown.
6.1 Objective
The objective of this final part of the project was the creation and optimization of a
lab-on-a-chip system, designed for the complete automation of an isothermal rolling circle
amplification (RCA) assay. The work shows the capability of integrating DNA handling,
with optomagnetic readout in an all-polymer chip. Moreover, the work shows also the
possibility of changing the infectious disease under study, keeping the same chip and
setup.
6.1.1 Assay approach and requirements
The assay remains similar to the previous chapter and includes sequence-specific ligation
and RCA as isothermal amplification method. The methods require specific temperatures
to work in optimal conditions: at least 55◦C for ligation and 38◦C for RCA. It was critical
that the RCA chamber was not exposed to temperatures above room temperature prior
to the amplification, as the enzyme polymerase would be inactivated in such conditions.
Therefore there was a need to keep some parts of the chip colder than others. Another
important aspect to keep in mind for the development of the assay, is the use of magnetic
microbeads (MMBs) as a mean of transport. In our case, the choice was to use Dynabeads
MyOne streptavidin microbeads (ThermoFisher Scientific, Germany) [90].
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6.1.2 Chip requirements
The bioassay needed three different steps: (1) ligation, (2) RCA and (3) detection to be
carried out on-chip. Therefore it was necessary to develop a 3-chambered chip, where each
reaction would take place in a separate chamber (as illustrated in Fig. 6.1). Interconnection
between chambers was essential, since MMBs together with an external magnet were used
as a mean of transport of DNA from one chamber to another. On the other hand, it
was essential to keep liquids from diffusing from one chamber to another, and therefore
capillary stops were added at the end of each channel to stop liquid diffusion (depicted in
Fig. 6.1). It was also decided to keep the chip of similar size as a microscope slide (26×70
mm2), to be able to shift back to injection moulding if needed.
Figure 6.1: Schematic view of the final (design 2) chip design with details on capillary
stops, phaseguides, ventilation holes and inlet holes, together with the reactions happening
in each chamber. Image adapted from Paper III.
6.2 Chronology of process
This section illustrates the different steps that were taken to finalize the chip design, the
bioassay design and the microbead handling.
6.2.1 Chip designs and testing
The chip design, in particular its ventilation channels, changed over time, improving its
features in regards of liquid filling and air bubbles formation. The chip main body had
consistent design feautirng two smaller chambers (c1 and c2 , 4.08 mm, in Fig. 6.1 and
in Fig. 6.2) and a bigger one (c3, 5×7 mm2), linked through 0.7 mm wide channels with
heart-shaped capillary stops (cs1 and cs2), that helped avoiding diffusion between liquids
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inside the different chambers. The capillary stops were designed and tested in order to stop
the fluid at the desired location, with the design of an abrupt expansion of the channel
width at the desired location. In this way a pressure change was required to push the
liquid across the capillary stop. These parts were done as vector cut in the CO2 laser,
cutting through the entire middle layer (part 3 in Fig. 3.1). Phaseguides of height 40 µm
were designed for every chamber, in order to have a control over the filling of the liquid
inside them. The fabrication of the phaseguides was done by engraving the 0.5 mm thick
layer, so that the polymer surrounding the phaseguides was ablated.
Figure 6.2: (a) Real picture and (b) schematic view of the first chip design (c) liquid
movement in capillary stop valve cs2 (d) air bubble trapped in chamber c3.
Design 1 As illustrated in Fig. 6.2, initially the ventilation channels had a serpentine
design with outlet holes at their end to allow liquid movement (s1, s2, s3 and s4). The
serpentine design was chosen to create longer waste chambers, in order to be able to
withheld higher liquid volumes. The fabrication method of these serpetines matched the
creation of the chambers: vector cut through the entire middle layer (1.5 mm). An overload
channel (oc) next to c2 was created for excess liquid flow. Inlets (i1, i2 and i3) and outlets
holes, were 2 mm in order to match the width of the pipette used to fill liquid inside
them. The filling process was the following:
• fill c3 until the capillary stop (cs2) and s4. Seal i3.
• fill c2 until both cs1 and cs2, slightly pushing liquid in s4 and s3. Seal i2.
• fill c1 until cs1, slightly pushing even more liquid in s3, s2 and s1. Seal i1 and all
outlet holes at the end of the serpentine channels (s1, s2, s3 and s4).
In Fig. 6.2 it is possible to clearly distinguish the three different liquids inserted in
the chip thanks to a dye added to each buffer. It shows almost no diffusion or liquid
intermixing between chambers, which is due to well designed capillary stops.
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The first experiments run on this chip showed a technical problem: air bubble formation
and its enlargement (as illustrated in Fig. 6.2(c) and (d)). The problem rose once we
started filling and heating the chip on the setup, at Influenza protocol temperatures (above
55◦C for ligation, 38◦C for RCA and 56◦C for detection). The main disadvantage in the
formation of air bubbles, was the consequence of a built-up pressure inside the chip which
would cause liquid movement and consequently leakage, emptying the capillary stops or
chambers, as shown in Fig. 6.2(c). This would also cause interference with transport of
beads between the chambers. Another disadvantage was that bubbles would create an
obstacle for the LED light path in the detection chamber (c3 in the figures).
The issues encountered with Design 1 can be summarized as:
• Air bubble formation at the corners of chamber c3.
• Built-up pressure in channels and chambers of the chip, when heated, causing leak-
age.
• Spilling of liquid out of the inlets holes i1, i2 and i3, when filling the chip.
Built-up pressure The built-up pressure derived from air-bubbles can be explained
using the Ideal gas law, which represents the equation of state of a hypothetical ideal gas.
The law is:
pVG = nGRGT. (6.1)
where p is the pressure of the gas, VG is the volume, nG is the number of moles, RG is the
ideal gas constant and T is the temperature of the gas. Once the T increases, the pressure
p will also increase accordingly. Similarly, if a liquid is heated in a closed container, it
will expand following its thermal expansion coefficient, causing leakage if the sealing is not
perfect.
Design 2 - final chip In order to fix the above mentioned problems, a new design was
needed. While it was decided to keep the main part (chambers and capillary stops) the
same, the ventilation channels were re-designed in order to block the liquid movement
from the capillary stops to the ventilation/waste channels. To accomplish this task, the
waste channels were engraved rather than completely cut of from the PMMA layer [109].
The optimal engraving parameters would create 0.17 mm wide and 0.77 mm deep channels
(checked on cross-sections with the use of a LEICA MZFLIII Stereomicroscope, equipped
with a Sony DFW-X710 camera), which would allow less liquid movement in respect to
0.90 mm wide and 1.5 mm deep serpentines of the previous chip. This method was used
to change all the serpentines to engraved channels (as shown in Fig. 6.3), which were
connected to the same overload channel (oc) as before and an engraved waste chamber
(ewc - 0.17 mm wide and 0.90 mm deep) placed on the left side of the central channel,
to allow enough space for the built-up pressure during heating parts of the experiments.
In order to avoid the air bubble formation in c3, a new phaseguide was introduced in the
chamber, in order to push the liquid to fill the top right angle of the chamber before filling
the rest of c3. Inlet holes were decreased from 2 mm to 0.8 mm, and outlet holes were
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decreased to 0.5 mm. The latter ones where not sealed anymore when filling the chip,
in order to prevent built-up pressure in the chip. Fig. 6.3 shows the new and improved
final design.
Figure 6.3: Schematic view of the new and improved design. Image adapted from Paper
III.
The changes made to overcome the issues encountered with Design 1 can be summerized
in the following list:
• Introduction of a new phaseguide to avoid bubble formation in the angles of chamber
c3.
• Creation of an engraved channel instead of vector cut serpentines, to allow less liquid
movement and therefore less trapped air that could expand.
• Decrease of inlet hole size down to 0.8 mm, to prevent spills during filling of liquid.
• Decrease of outlet hole size down to 0.5 mm, no sealing of outlet holes.
6.2.2 Bioassay design - Influenza
The Influenza bioassay design is very similar to the one described in the previous chapter
(section 5.2.5). New oligonucleotides sequences were introduced to try to boost the opto-
magnetic signal.
The target DNA was the type-B influenza virus (IDT, 81 oligonucleotide bases), with
padlock probe (PLP - 90 nt) designed to match sequence of DNA target. The padlock
probe was modified with a 5’-phosphate group. PLPs were added in 3-fold excess (1.5-24
nM) to minimise the number of unreacted probes (targets without circles).
In this part of the project, additional sequences were used to try to boost the optomagnetic
signal. Detection oligonucleotides (DO, 20 bases, 3’-biotin) were designed to be comple-
mentary to RCPs and were attached to MNPs for OM detection.
Capture oligonucleotides (CO, 15 bases, 3’-biotin group) were linked to the MMBs to
bridge DNA target and MMBs for efficient magnetic handling of sequential DNA process-
ing steps. The length of CO was adjusted to be sensitive at moderate/elevated temperature
(above 53◦C) to enhance the detection signal. CO was complementary to the 5’ terminal
part of the DNA target to not interfere with binding of PLPs. All information regarding
sequences can be found in Table 6.1.
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Table 6.1: Sequences of Influenza target, PLP, detection oligo (DO) and capture oligo
(CO). The target-specific ’arms’ of the PLPs as well as their binding sites in the target
sequences are underlined.
DNA Tag DNA sequence (5′-3′) Modification
Target
AGACCTGTTACATCTGGGTGCT
TTCCTATAATGCACGACAGAA
CAAAAATTAGACAGCTGCCC
AACCTTCTCCGAGGATAC
—
PLP
GGGCAGCTGTCTAATTTTTGAGT
CGGAAGTACTACTCTCTGTGTAT
GCAGCTCCTCAGTAATAGTGTCT
TACGTATCCTCGGAGAAGGTT
5′-phosphate
DO GTGTATGCAGCTCCTCAGTA 3′-biotin
CO GAAAGCACCCAGATG-TTTTT 3′-biotin
Reagents and Buffers Table 6.2 shows all components that have been used in the
experiments.
Table 6.2: Buffers and reagents composition (final concentration).
Buffer name Composition
Binding buffer 8 mM tris, 4 mM EDTA, 0.1 % Tween-20, and 0.8 M NaCl (pH 8)
Ligation buffer
0.2 mg/ml BSA (New England Biolabs), 20 mM Tris-HCl (pH 8.3), 25
mM KCl, 10 mM MgCl2, 0.5 mM NAD, and 0.01% Triton X-100 (Illu-
mina)
RCA buffer
66 mM Tris-acetate (pH 7.9 at 37◦C), 25 mM Mg-acetate, 132 mM K-
acetate, 0,2% (v/v) Tween 20, 2 mM DTT, BSA 0.2 mg/mL, 190 µM
dNTPs (New England Biolabs)
Detection buffer
20mM Tris-HCL (pH 8.0 at 25◦C), 140mM NaCl, 5 mM KCl, 50 mM
EDTA, 0,1% BSA, 0,01% Tween20
6.3 Setup for integrated amplification and detection
The first version of the setup used in this project was invented and designed by former
Post-Doc of our group Giovanni Rizzi and was later modified by me. This section will give
a detailed explanation of each of the parts portrayed in Fig. 6.4.
Stages The OM setup consisted of two motorized stages from Thorlabs creating a two-
axis (xz) stage, a KBD101 Brushless DC Servo Driver attached to a Single-Axis Flexure
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Figure 6.4: Setup used in the experiments. (a) Top view with the lid closed. The
LED shines the light from the right, passes through the electromagnets and arrives to
the photodetector thanks to a light guide. (b) Top-view with open lid and a chip in
experimental position. (c) Side view showing the horizontal stage on the top of the vertical
one. Image adapted from ESI of Paper III.
Translation Stages for horizontal positioning and a KDC101 Brushed DC Servo Motor
Controller attached to T40Z-10A Minimum Vertical Z Axis Translation Stage (MPosi-
tioning) , with a 12 mm Motorized Actuator, 3/8” Barrel Fitting for vertical positioning
(12 mm range). On the top of the upper stage a plastic casing containing the external
magnets was screwed, allowing the top magnet to be positioned 1 mm far from the bot-
tom heaters. The magnets were used to move MMBs inside the chip from one chamber to
another.
Temperature control The stages were placed underneath tailor-made ”sandwich -
heaters” (2 mm thick) with temperature monitoring using Pt100 elements and controlled
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using a Stanford Research Systems PTC10 unit, inside which we placed a disposable chip
(see Fig. 6.4(b) and Fig. 6.5). Between the two heaters on the top, to keep the RCA
chamber (c2) cold while performing ligation in c1, it was placed an aluminum strip which
was regulated with the use of a thermoelectict (TE) element also controlled by the PTC10
unit. Heaters were custom-built for our setup on aluminum printed circuit boards (PCBs),
by designing the printed circuit board on EAGLE software and then fabricate them on
aluminum/copper plate through exposition of the design to UV light.
Figure 6.5: Schematic of setup used in experiments: (a) shows a cross-sectional view of the
setup, showing the sandwich-heaters with the chip and the magnet and motors underneath.
(b) shows a top view of the setup (removing the top heaters) with electromagnets, LED
and photodetector.
Optomagnetic detection Detection took place in the last chamber of the chip (c3 in
Fig. 6.5). PMMA rods guided light from a light emitting diode (wavelength of 470 nm) to
the side of the chip, and from the other side of the chip to the photodetector (Thorlabs
PDA-36A-EC) as shown in Fig. 6.5(b). The electromagnets were driven by a custom-built
voltage to current converter controlled by a data acquisition card (National Instruments,
NI-6211) that also collected the signal from the photodetector.
The optomagnetic technique is explained in section 2.5.
6.3.1 On-chip MMB handling strategy
MMB transportation Streptavidin coated magnetic microbeads were used as carriers
of DNA on chip. A custom plastic casing including permanent magnets was used to carry
the beads around and was screwed on the top of the horizontal stage. The stack consisted
of four axially aligned cylindrical magnets (top to bottom): two N48, NdFeB, 3 mm,
1 mm high magnets (S-03-01-N, Supermagnete, Gottmadingen, Germany) and two N45,
NdFeB,6 mm, 3 mm high magnets (S-06-03-N, Supermagnete, Gottmadingen, Germany)
[123] [90]. Transportation was performed by moving the stages between chambers at 0.3
mm/s with 5 s stops every 5 mm, to ensure the majority of the MMBs would be dragged
along by the magnet.
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MMB mixing On-chip mixing was achieved by moving the stages back and forth along
the diameter of the chamber (4 mm) at a constant speed of 2 mm/s. These movements
were useful to increase the sample solution-MMBs interaction for the entire duration of
each reaction.
MMB flattening The use of MMBs caused problems in c3, for the detection signal,
since their bigger hydrodynamic diameter would interfere with the results obtained from
MNPs, as depicted in Fig. 6.6, where the dark green curve shows a shoulder at the lower
frequencies due to the presence of MMBs. Since MMBs have a ten-fold larger diameter
than MNPs, the parameter Dh of equation 2.25 would be influenced by their size. This
would result in the appearance of another peak at lower frequencies of the real component
of the spectra. It was therefore important to find a way to minimize this effect, which
was done by introducing a vertical stage in the setup (already introduced in section 6.3).
The vertical stage was always kept at its highest position, apart at the very end of the
experiment just before detection started. The retraction of the stage under c3, by low-
ering it to its lowest position with a speed of 0.3 mm/s, had the outcome of creating a
sedimented MMB pellet at the bottom of the detection chamber c3, hence out of light
path not interfering with the MNP signal.
Figure 6.6: OM signal curves related to experiments carried out with (light green) or
without (dark green) vertical stage. Image adapted from ESI of Paper III.
6.4 RCA assay performance - influenza
6.4.1 Investigation of different protocols for LOD optimization
This section considers the steps used to optimize the influenza assay protocol. The fol-
lowing sections have been discussed in Paper II and/or Paper III and will therefore only
be summarized.
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Enzyme concentration and addition of EDTA The enzyme concentration was op-
timized balancing assay efficiency and costs. In Fig. 6.7, we present the results of different
enzyme concentrations (referred as unit/mL) (P1 (150 u/mL), P2 (300 u/mL), P4 (600
u/mL)) and addition of Ethylenediaminetetraacetic acid (EDTA) (P2-E) at the stage of
detection (addition only in c3), along with corresponding scaling of other reagents (1×,
2×, and 4×). The graph shows histograms for c= 40 and 200pM, where a higher BMNP
means higher depletion and therefore better results. We used the sequences stated in Ta-
ble 6.1, except that the target was biotinylated at the 5’-end and thus directly linked to
the MMBs rather than via the CO probe. Ligation took place off-chip in a thermoshaker
at 55◦C for 20 min, followed by incubation of the obtained DNA target-PLP hybrids with
streptavidin coated MMBs (0.2 mg/mL) for additional 20 min at 55◦C (upon rotary mix-
ing 1000 rpm). The obtained ligated products on-MMBs (60 µL) were further diluted in
the RCA buffer to 120 µL and loaded into chamber c2 for on-chip RCA (45 min, 38.5◦C).
The first chamber (c1) contained 1x ligation buffer and the third chamber (c3) contained
0.05 mg/mL MNPs in the detection buffer. Because of a direct biotin-streptavidin link
between target DNA and MMB, the obtained system represented a robust prototype of
the experiments implemented using capture probes on MMBs in the later stage.
It is possible to notice a higher depletion for P4 concentration, but due to the high cost
of the polymerase enzyme, it was decided to use the P2 concentration, equal to 30 units
of polymerase enzyme. The addition of EDTA in the detection chamber was necessary
to boost depletion of the chosen concentration P2 to a higher value, since its capacity of
removing Mg+ from RCPs allowed them to open more freely and therefore be more at-
tractive for detection probes. In Fig. 6.7, the histogram related to the addition of EDTA
(P2-E) shows an increase in the signal almost comparable to P4 for both concentrations
tested.
Figure 6.7: Histogram showing the amount of depleted MNPs for three different concen-
trations of enzyme (P1 (150 u/mL), P2 (300 u/mL), P4 (600 u/mL)) and one with the
addition of EDTA (P2-E), n = 3. Image adapted from ESI of Paper III.
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MMB concentration optimization Microbead concentration (0.1 , 0.3 mg/mL) was
studied in Paper II, in a setup from now on called ”4-chip setup” that allowed four simul-
taneous measurements, in order to investigate CO-MMBs interference on the detection of
MNPs, in relation to the measurements of the limit of detection (LOD) for a dose-response
curve (a thorough explanation of the setup can be found in [79]). The LOD was found to
be:
• 4pM, with a linear dynamic range of 4-100pM for 0.1 mg/ml MMBs
• 20pM, with a linear dynamic range of 20-60pM for 0.3 mg/ml MMBs
Results indicate a trend of increasing LOD and narrowing dynamic range for higher amount
of CO-MMBs. We speculate that a large excess of MMBs (0.3 mg/ml) and consequently
excess of capture probes led to an increasing melting temperature of the CO-DNA bridges
at target concentration c ≤ 20 pM. That would be enough to compromise the discussed
mechanism of temperature-dependent release of RCPs from MMBs during OM detection.
Similarly, the same concentrations were studied from a physical point of view, to investigate
their ability to transport beads from one chamber to another, resulting a large amount of
beads lost at the capillary stops for concentrations 0.3 mg/mL and almost no bead loss
for 0.1 and 0.2 mg/mL . The final concentration chosen was 0.2 mg/mL.
Boosting the optomagnetic signal The first optimization study included an investi-
gation of the use of biotin-DNA target-PLP hybrids, attached to the streptavidin MMBs.
The result (dotted brown curve in Fig. 6.8(a)), showed a poor depletion compared to sim-
ilar studies without MMBs (as illustrated in Paper II). The reason behind this result was
the reduced diffusion of the RCPs, which were still attached to the sedimented MMBs. In
this perspective, it was necessary to find a method to release the RCPs from the MMBs,
so that DOs could more easily attach to the complementary parts of the RCPs for the
detection (as illustrated in the higher depletion of the green solid curve of Fig. 6.8(a) and
in the cartoon-like sketch of Fig. 6.8(b)).
In order to overcome diffusion of DOs to RCA products linked to MMBs and reduce
interference of MMBs with the assay, a heat-labile capture probe (CO) was employed to
link DNA target to MMBs, as explained later in this chapter.
In this way, captured targets with amplification products (RCPs) could be released at
certain temperatures in the detection step to achieve a more efficient readout. On the
other hand, it was fundamental that the detection oligo (DO) - RCP hybrids should be
stable at Tdetection to allow detection of the binding of MNPs to RCPs.
We therefore optimized the CO sequence and characterized the melting of CO-target hy-
brids and DO-MNPs hybrids (illustrated in Fig. 6.8(b) and (c)).
The procedure implied optomagnetic measurements to characterize the effective hydro-
dynamic size of the MNP-RCP, thorugh an experiment in which the temperature was
increased at 0.01◦C/s while OM spectra of the hydrodynamic size Dh of CO-RCPs and
DO-RCPs were continuously recorded. The measurements were carried out on the ”4-chip
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Figure 6.8: (a) Depletion signal over time for a concentration c=200pM. The red dashed
line refers to direct link between MMB and target DNA and the solid green line refers to
the introduction of COs, for the ”Off-chip PLP annealing” case. (b) The cartoon shows
the detachment of the CO-MMB from the RCP and the consequent attachment of the
DO-MNP for the detection. (c) The graph shows the melting curves of DOs (blue curves)
and COs (green curves), more particularly the detaching of RCPs from MNPs linked via
CO and DO. Image adapted from Paper II and III.
setup”. The hydrodynamic diameter Dh was extracted from the peak position in the V
′
2/V0
spectra, as described in section 2.5. The results are depicted in Fig. 6.8(b), showing:
• clear decrease of the Dh at about 54◦C for the capture oligonucleotide CO.
• clear decrease of the Dh at about 72◦C for the detection oligonucleotide DO.
Detection of MNP depletion was performed at 56◦C, meaning no interference with the
DO-RCP bond since melting CO-RCP < Tdetection < melting DO-RCP. In Fig. 6.8(a) it
is possible to notice the moment (at around 5 min) in which the CO-MMBs supposedly
detach from the target DNA, allowing more DOs to penetrate into the RCPs.
Pre-ligation steps: On- and Off-chip PLP annealing Sequence-specific ligation is
the process of joining together two nucleic acid fragments. The action requires circular
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padlock probes to specifically recognize target DNA and get joint into circles. In order to
boost the LOD, two different types of pre-ligations steps were tested: On- and Off-chip
PLP-annealing. The idea behind these steps was the annealing of ligating arms of the
padlock probes on the target DNA.
”Off-chip annealing” implied a pre-ligation step performed outside the chip, in a ther-
moshaker, after which the bioassay was inserted on chip, see process flow in Fig. 6.9.
In the experiments, a solution containing DNA target in ligation buffer was placed in
a thermoshaker at 55◦C for 20 min, and then lowered to 30◦C which required 30 min.
Afterward, Ampligase enzyme and MMBs were added to the solution, which was then
inserted in the chip. Ligation was then performed on chip at 58◦C for 20 min followed by
cooling to 35◦C over 5 min, in the presence of MMBs, under continuous MMB mixing to
complete the ligation and target capture on the CO-functionalized MMBs.
Figure 6.9: Process flow for OFF chip PLP-annealing, with cartoon-like sketches to show
each step of the process.
”On-chip annealing” started directly with ligation on chip, see Fig. 6.10 for the process
flow.
In this case, to mimic annealing of DNA target and PLPs, the MMBs were placed in
the second chamber for the entire duration of the ligation (carried out in the first chamber,
20 min at 58◦C). The beads were then taken back from the second chamber to the first
one. They were annealed for 2 min at 58◦C and then temperature was dropped to 30◦C
for 15 min as functionalization step occurred. Similarly, the capture protocol pursued the
same mode of annealing between CO and DNA target.
Fig. 6.11 illustrates the results obtained from studying the two different annealing steps
and compares them to the biotin-DNA target-PLP hybrids depletion results, for a DNA
concentration c=200pM. The histogram shows the amount of depleted MNPs BMNP for
three different protocols. As already mentioned, the direct-link histogram bar (red) shows
the lowest depletion, due to the reduced diffusion of the RCPs still attached to the MMBs.
”On-chip PLP annealing” shows a slightly higher depletion but ”Off-chip PLP annealing”
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Figure 6.10: Process flow for ON chip PLP-annealing. with cartoon-like sketches to show
each step of the process.
is defined as the best result.
Figure 6.11: Histogram showing the amount of depleted MNPs BMNP for three different
protocols: dark red for direct link, yellow for ”On-chip PLP annealing” and green for ”Off-
chip PLP annealing”. All experiments were done for c=200pM DNA Target concentration
and with the P2-EDTA enzyme concentration.
Rolling circle amplification. In both protocols RCA was carried out in the same way.
The MMBs were transported from the ligation chamber (c1) to the RCA chamber (c2)
containing the RCA buffer and 30 units of phi29 polymerase enzyme. Amplification took
place at 38.5◦C for 45 min under continuous MMBs mixing. From each ligated PLP-
Target-CO attached to an MMB, the RCA produced a single-stranded concatamer with
nominally ∼ 750 copies of the sequence complementary to that of the PLP.
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Optomagnetic readout. Once RCA reaction was completed, the temperature of cham-
bers c2 and c3 was ramped towards the detection temperature of 56◦C, while beads were
carried to chamber c3, which contained the DO-functionalized MNPs in the detection
buffer. The MMBs entered the detection chamber (c3) when the heater temperature was
around 50◦C. Once the temperature stabilized at 56◦C, the z-stage was automatically low-
ered to the home position (the lowest possible position) at 0.3 mm/s. Subsequently the
x-stage was quickly moved to its home position farthest away from the detection chamber
and the optomagnetic detection was started.
6.5 Results
6.5.1 Dose response curve
The final goal of this part of the project was to demonstrate the possibility of integrating
an automated bioassay on chip. In order to evaluate this capability, the study focused on
obtaining a dose-response analysis for the two methods explained in the previous section.
The results can be seen in Fig. 6.12. The graph shows two dose response curves obtained
from the two different methods previously mentioned, ”On-chip PLP annealing” (red
circles) and ”Off-chip PLP annealing” (black squares) chip. The solid lines are fits to
the Hill equation BMNP(c) = B(0) + [B(∞)−B(0)] / [1 + (KA/c)nH ] with the association
constant KA and Hill coefficients nH.
Results: off-chip PLP annealing Experiments were carried out for 10 different con-
centrations c: 1, 2, 4, 10, 20, 40, 100, 200, 400, 800, 2000 pM. For each concentration,
three experiments were done. The cutoff (black dotted line in the graph) was measured
as the average of the repeated negative control experiments with the addition of standard
deviation multiplied by a factor of 3. The LOD obtained was estimated to be 2pM, with
parameters of the Hill fitting as the following: KA = 145.55 pM and nH = 1.10. It is clearly
visible saturation both at low (before 10 pM) and high (after 800 pM) concentrations, the
dynamic range is the considered in between those two concentrations.
Results: on-chip PLP annealing Experiments were carried out for 7 different con-
centrations c: 10, 20, 40, 100, 200, 400, 800, 2000 pM. For each concentration, three
experiments have been done. The cutoff (red dotted line in the graph) was measured as
the average of the repeated negative control experiments with the the addition of standard
deviation multiplied by a factor of 3. The LOD obtained was estimated to be 20pM, with
parameters of the Hill fitting as the following: KA = 292.67 pM and nH = 1.28. In this
case saturation is visible at high concentrations (above 800 pM), but not at lower ones.
6.6 Discussion
Results show a linear trend for the dynamic range of both curves, with ”Off-chip PLP an-
nealing” showing a lower limit of detection (LOD) of 2pM than ”On-chip PLP annealing”
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Figure 6.12: Dose response curve for single MNPs. The black dots refer to ”Off-chip PLP
annealing” and the red ones to ”on-chip PLP annealing” (n = 3.). Same colours have
been used for showing the cutoff line for both methods, measuring LOD=2pM for ”Off-
chip PLP annealing” and LOD=20pM for ”On-chip PLP annealing”. The cutoff (black
and red dotted lines in the graph) were measured in both scenarios as the average of the
repeated negative control experiments with the addition of standard deviation multiplied
by a factor of 3. The two solid lines are Hill fits of the data. Image adapted from Paper
III.
(20pM). The trend is similar in both cases, with ”On-chip PLP annealing” being shifted
of 0.1 towards lower values, meaning less depleted MNPs, with respect to ”Off-chip PLP
annealing”. We speculate that the reason behind this difference lies in different efficiency
of the MMBs in capturing ligated DNA circles. For ”Off-chip PLP annealing” the MMBs
were inserted in the solution containing target-PLP complexes prior to on-chip capture
and ligation, having more chance to capture the DNA targets compared to ”On-chip PLP
annealing”. In this latter case, it was necessary to leave the CO-MMBs in the c2 chamber
until ligation was carried out in chamber c1. The prolonged stay in chamber c2 in the
form of a pellet and without mixing, was most likely the cause of the creation of irre-
versible forming a clumps of MMBs. As a consequence, once the MMBs are brought back
to chamber c1 for annealing and capture, they had a reduced surface for the capture of
ligated PLP-Target.
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6.7 Discrimination of single-base mutation for Tuberculosis
In order to demonstrate the creation of a scalable assay device, it was decided to test
it with another infectious disease: Mycobacterium tuberculosis. This multi-drug resistant
strain becomes resistant to antibiotics via acquisition of a point mutation in the genome.
Sequence-specific ligation can be used to distinguish the single-nucleotide variation, as
demonstrated in the next paragraphs. Part of these results were presented at a conference
and refer to conference contribution V.
Bioassay design The tuberculosis bioassay was designed with katG 315 (AGC/ACC)
mutation (107 oligonucleotide bases). The padlock probe (PLP - 89 bases) was designed
to match sequence of DNA target, and was modified with a 5’-phosphate group.
The same detection oligonucleotides (DO, 20 bases, 3’-biotin) used for Influenza were
implemented also in this bioassay. Capture oligonucleotides were also used (CO, 16 bases,
3’-biotin group). The length of CO was adjusted to be sensitive at moderate/elevated
temperature (above 60◦C) to enhance the detection signal. CO was complementary to the
5’ terminal part of the DNA target to not interfere with binding of PLPs. All information
regarding sequences can be found in Table 6.3. Buffers and reagents were the same as the
ones used for Influenza and can be found in Table 6.2.
Table 6.3: Sequences of Tuberculosis wild and mutant target, mutant PLP, DO and CO.
The target-specific ’arms’ of the PLPs as well as their binding sites in the target sequences
are underlined, whereas the point mutation is underlined and bold.
DNA Tag DNA sequence (5′-3′) Modification
Wild Target
GAACCCGAGGCTGCTCCGCTGGAGCAGATGG
GCTTGGGCTGGAAGAGCTCGTATG
GCACCGGAACCGGTAAGGACGCGATCACCA
CCGGCATCGAGGTCGTATGGAC
—
Mutant Target
GAACCCGAGGCTGCTCCGCTGGAGCAGATGG
GCTTGGGCTGGAAGAGCTCGTATG
GCACCGGAACCGGTAAGGACGCGATCACCA
GCGGCATCGAGGTCGTATGGAC
—
Mutant PLP
TGGTGATCGCGTCCTTACCGAGTAGCCTT
CCCGAGCATTGTGTATGCAGCTCCTCAGTA
ATAGTGTCTTACATACGACCTCGATGCCGG
5′-phosphate
DO GTGTATGCAGCTCCTCAGTA 3′-biotin
CO CAAGCCCATCTGCTCC-TTT 3′-biotin
Specificity - Discrimination of single base mutation Due to the limited time avail-
able before the end of the PhD project, we decided to study the specificity measurements
in the ”4-chip setup” presented earlier in this chapter (Section 6.4.1). This setup does not
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allow automated experiments, and therefore ligation and RCA were carried out outside
of the setup in an eppendorf tube. The detection method remained the same. The main
reason for this choice lies in the possibility of running four different experiments in parallel
rather than only one like in the setup presented in this thesis.
The assay is based on rolling circle amplification (RCA) with mutant (MT) and wild
(WT) specific DNA Targets, shown in Table 6.3. For sequence-specific ligation to work
properly, the DNA Target and PLP have to be complementary. In this case we wanted to
show the ability of this method to discriminate between a one-point mutation in the DNA
Target, keeping the same mutant PLP. Once the ampligase enzyme is added to the solution,
the PLPs on matching targets are enzymatically joined to form circles, whereas those on
mismatching targets remain open. Subsequently, during amplification, targets on circular
ligated PLPs are extended to form a long concatemer of the sequence complementary to
the PLP, whereas non-circular PLPs are not extended (as shown in Fig. 6.13(a)). The
resulting rolling circle products (RCPs) are detected using 100 nm MNPs functionalized
with DOs. Neither COs, nor MMBs were used in this first single base discrimination
step. Fig. 6.13(b) shows the signal from depleted MNPs vs. time after mixing for a
concentration c=100pM. In the case of matching mutant Target-PLP, a depletion of free
MNPs of more than 80% was observed. On the other hand, the mismatching combination
showed a signal decrease of about 4%, which is comparable to the observation for the
no target control sample. This demonstrated the ability of the assay with on-chip OM
readout to detect Mycobacterium tuberculosis and the mutation responsible for rifampicin
antibiotic resistance with high specificity.
Figure 6.13: (a) RCA assay for detection of target with single nucleotide discrimination.
Matching PLP-target pairs produce an RCA product, whereas mismatching pairs do not.
(b) Signal from depleted MNPs vs. time. Image adapted from [124].
RCA assay performance After obtaining the results on the single nucleotide discrim-
ination, we moved on with the optimization process on the automated setup, with the
help of master student Elisabeta Tefiku under my co-supervision. In this thesis, only the
initial part of the process will be shown, in a dose-response analysis.
The optimized process to boost the OM signal for influenza was the starting point for the
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optimization process for tuberculosis. Therefore the experiments were carried out with:
• Use of COs.
• 0.2 mg/mL MMB concentration.
• P2 enzyme concentration with the addition of EDTA.
The assay was designed in order to perform ligation outside of the chip, the protocol
will be then referred as ”On-chip CO-Target capture”. In the experiments, a solution
containing mutant DNA target, fully matching mutant PLPs and Ampligase enzyme in
ligation buffer was placed in a thermoshaker at 60◦C for 20 min to perform ligation, and
then lowered to 30◦C which required 30 min. Afterward, MMBs were added to the so-
lution, which was then inserted in the chip in chamber c1. Capture was then performed
on chip in the presence of MMBs, with continuous movements of the external magnet to
improve accessibility of the DNA circles to the COs. It was carried out by heating c1 at
60◦C for 2 min and then lowering the temperature to 30◦C to complete the CO-MMB func-
tionalization step. Subsequently the external magnet was moved to the following chamber
(c2) to perform RCA at 38.5◦C for 45 min. Finally the MMB pellet was moved to the
detection chamber (c3), and after the homing of the vertical and the horizontal stages,
detection was started at 62◦C for 30 min. The process flow can be seen in Fig. 6.14.
Figure 6.14: Process flow for the tuberculosis bioassay. Ligation was performed outside
of the chip in a thermoshaker. The solution was then inserted in the chip for on-chip
CO-Target capture, RCA and detection.
Results - Dose response curve The results can be seen in Fig. 6.15. The graph shows
the dose response curve obtained for ”On-chip CO-Target capture” carried out for tubercu-
losis. The solid line is a fit to the Hill equationBMNP(c) = B(0)+[B(∞)−B(0)] / [1 + (KA/c)nH ]
with the association constant KA and Hill coefficients nH.
Experiments were carried out for 7 different concentrations c: 4, 10, 20, 30, 40, 60, 100
pM. For each concentrations, three experiments were done. The cutoff (black dotted line
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Figure 6.15: Dose response curve for single MNPs. The black dots refer to the different
concentrations for the ”On-chip CO-Target capture” protocol (n = 3.), with an LOD of
10pM. The cutoff was measured as the average of the repeated negative control experiments
with the addition of standard deviation multiplied by a factor of 3. The solid line is Hill
fit of the data.
in the graph) was measured as the average of the repeated negative control experiments
with the addition of standard deviation multiplied by a factor of 3. The LOD obtained was
estimated to be 10pM, with parameters of the Hill fitting as the following: KA = 26.15pM
and nH = 3.66. Saturation is visible for high concentrations (above 60 pM), but not at
lower ones. The dynamic range can be considered between 10pM and 60pM.
6.8 Discussion
The cutoff value is consistently higher than compared with previous experiments with
Influenza strand, assessing to 20% of depletion. This high depletion of the NTC can be
in part explained by the higher self-complementarity of the DOs with the COs for the
tuberculosis strand (4 bases) compared to the Influenza one (3 bases). Therefore, we
can speculate that some DOs get attracted and attached to the COs, causing a constant
measured depletion even without the presence of DNA.
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6.9 Summary
We created a laser ablated chip, suitable for integration of an isothermal amplification
assay. The multichamber chip granted controlled filling of liquid, thanks to the use of cap-
illary forces and phaseguide structures. Moreover, the experiments were run on a custom-
made fully automated setup with temperature control, motor positioning of DNA through
the use of magnetic beads and optomagnetic detection. The results demonstrated the
feasibility of performing an isothermal amplification assay on an automated lab-on-a-chip
device for two different respiratory infectious diseases such as Influenza and Tuberculosis.
The knowledge obtained from this study, was of great importance in the development of a
single-use mass-producible injection moulded polymer chip for the integration of the entire
bioassay.
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Chapter 7
Conclusions and outlook
The main goals of this PhD project were the optimization of a manufacturing process
for the mass-production of a low-cost all-polymer chip, the creation of a microfluidic
multichamber chip with capillary structures for liquid handling, and the development of
a protocol for the integration of a molecular diagnostic assay on the multichamber chip.
The injection moulding fabrication technology used for the manufacturing process had
been previously studied by Kasper Kistrup, a former PhD of our group and all the equip-
ment was already present at DTU Nanotech. The established fabrication process required
the use of micro-milling for the realization of the milling insert and a picosecond laser for
the creation of energy directors, which are necessary to ensure bonding. Moreover, the
process required also an injection moulding machine for the mass-production of chip parts
and finally an ultrasonic welding machine for the direct bonding of the chip parts. This
entire process, including the finalization of the design on CAD, was performed as a 2-day
process. The manufacturing method was successfully used to fabricate different injection
moulded chips throughout the development of the project.
The first part of the project was carried out on the study of capillarity and liquid
filling. One of the major risks when handling a microfluidic platform, is the creation of
air bubbles during the filling process. It is important to avoid them not only to avoid
liquid expansion if the platform is heated up, but also because they could interfere with
the reactions occurring inside the different chambers. In addition, air bubbles would
interfere also with the optical detection needed in the final step of the assay. To avoid
them, phaseguide structures were created and tested with the development of a COC Luer
chip. The manufacturing process used was the one mentioned above, with the phaseguides
micromilled on the milling insert with the use of an engraving tool. The characterization
showed that the liquid would systematically pin at the border of the phaseguides, until
a burst pressure was reached with an increase in filling pressure. This result proved the
reliability of the injection moulding manufacturing method for the creation of capillary
structures to control liquid filling inside the chip. The same manufacturing method was
used to create a multichamber microfluidic system with phaseguides structures to enable
controlled liquid filling. The final goal for this device was the implementation of the
assay on-chip. In this case polypropylene was used for the fabrication of the chips. After
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several reference experiments had been run in our lab on a single-chamber chip, it was
finally possible to start testing the bioassay on the multichamber chip. Initially only one
chamber was used, and experiments matching the reference experiments were run. In this
way it was possible to prove the feasibility of the bioassay integration on-chip. Due to
height limitation of the injection moulding at our department, it was then decided to shift
to a second manufacturing technique, the CO2 laser machining combined with adhesive
bonding. Its high flexibility together with the possibility of changing the design several
times per day made this method attractive for the prototype development in the project.
The chip layout was kept the same as before, in order to be able to shift back to the
injection moulding later in the project, to be able to asses a mass-production process.
The multichamber chip design included phaseguide structures and capillary stop valves to
enable the controlled liquid filling of the connected chambers with no liquid intermixing.
In parallel to the integration of the assay on-chip, the mechanical department at DTU was
contacted to fabricate an entire mould and tool for the creation of the finalized chip using
injection moulding. The multichamber chip allowed for the implementation of the three-
step assay entirely on-chip, with the use of a custom-made setup. The setup was designed
to be fully automated and with the integration of temperature control, magnetic bead
handling and optomagnetic detection through the use of LabVIEW software. Optimization
steps were carried out both on the single-chamber and three-chamber chips, such as the
study of enzyme or MMB concentrations. Once the optimal protocol was found, it was
finally possible to start running systematic experiments entirely on the three-chamber
chip. We compared two different assay strategies, for the implementation of ligation
on-chip for the Influenza target. The results were illustrated with the inclusion of the
two corresponding dose-response curves in the thesis. To demonstrate the scalability
of the microfluidic chip and of the automated setup, Tuberculosis was studied at the
very end of the project. In this case we demonstrated the specificity of ligation to point
mutations though reference experiments on the single-chamber chip with wild and mutant
type tuberculosis. Moreover an initial dose-response curve of the optimized protocol, with
ligation performed off-chip, was shown.
Further development and optimization of the microfluidic chip insert and of the bioas-
say protocol for the study of Tuberculosis is underway with the help of a master student
under my co-supervision and will be continued in a planned postdoc project in the same
group. The main focus will be on the implementation of ligation on-chip, to be able to
perform a fully automated assay on-chip. An optimization of the on-chip MMB mixing
is under study, to create, e.g, a more efficient CO-MMB mixing in the first step of the
bioassay. Furthermore, the sensitivity of the presented study can be further improved by
implementing more RCA cycles on-chip, boosting the current limit of detection. Moreover,
it would be interesting to demonstrate the reliability of the setup not only for the study
of particle depletion (turn-off signal), but also the study of the agglutination of particles
(turn-on signal), to show the different detection possibilities of the optomagnetic readout.
The chip layout in its current form needs some minor revisiting before it is ready to be
injection moulded at the mechanical department. The final aim is to be able to obtain a
finalized optimization protocol for the tuberculosis target and to implement it in a low-cost
mass producible and disposable chip.
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